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Electro Discharge Machining (EDM) is potentially an important and cost effective non-
conventional machining process for the fabrication of micro-tools, micro-components and 
parts with micro-features. This process is capable of accurately machining parts with 
complex shape, irrespective of the material hardness. In addition, it is a non-contact 
process. Hence, EDM is gaining popularity essentially as micro-machining process. 
However, a number of issues remain to be solved before micro-EDM can become a 
reliable process with repeatable results and its full capabilities as a micro-manufacturing 
technology can be realised.  
 
Different machining parameters play important role in micro-EDM. But because of the 
stochastic nature of the process, these parameters are yet to be well understood. Due to the 
complicated discharge mechanisms, it is difficult to optimise the sparking process. The 
optimisation of the process often involves relating the various process variables with the 
performance measures maximising the material removal rate and surface quality, while 
minimising the spark gap and tool wear rate. Therefore, it is necessary to know, in 
advance, properties relating to these effects by means of experimental investigation by 
taking into account machining characteristics such as spark gap, material removal rate, 




In view of this ongoing challenge to learn more about the nature of the micro-EDM 
process, a series of rigorous experiments were conducted by using tungsten electrode of 
300µm as a tool and Stainless Steel 304 Grade sheet with a thickness of 300µm as a 
workpiece. The aim is to identify the optimum parameters and the machining trends of 
die-sinking micro-EDM. The main parameters affecting the end results of the process 
were identified and optimal parameter ranges for voltage, current (resistance), pulse on 
time, pulse off time, short and open were found based on spark gap, machining time, tool 
wear and surface quality. The effects of different types of pulse generators (transistor type 
and RC type) were also investigated. A guiding attachment was also successfully modified 
to reduce the wobbling of the tool electrodes. 
 
The second part of this study is dedicated to drilling arrays of micro-holes by EDM. It is 
known that holes of sub-micron diameter obtained by EDM are commonly found in 
various daily life products such as, fuel injection nozzles, spinneret holes and biomedical 
filters. Micro-EDM is also employed in making micro-mould and complex 3D structures, 
in electronics, optical devices and in MEMS. In many of these applications arrays of holes 
are required. To obtain a lot of individual structures by micro-EDM, each structure must 
be machined sequentially by using a single electrode. However, the use of single tool 
electrode has limits in throughput and precision because of positioning error and tool 
wear. Replacement of worn electrode causes a decrease in productivity and shape 
accuracy due to electrode positioning errors or variations in electrode dimension. This also 
requires very long machining time. Tools with multiple electrodes can be an answer to 
this.  In this study, tools with an array of electrodes for micro-EDM were successfully 
manufactured by micro-milling process using brass as the tool material. A series of 
 x
Summary 
experiments were conduced using brass tools with different numbers of square multiple 
electrodes and the surface quality of the micro-holes and the machining time along with 
tool wear were investigated using transistor and RC type of pulse generators.  
 
Therefore, this study is an attempt to shed some light into the micro-EDM process by 
considering different process parameters using both single and multiple electrodes. A few 
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Chapter 1     
Introduction 
    
1.1 Significance of Research 
Electro Discharge Machining (EDM) is a non-traditional machining technology that has 
been found to be one of the most efficient technologies for fabricating micro-components. 
The non-contact process requires no force between the electrode and work-piece and is 
capable of machining all sorts of electrically conductive materials – be it ductile, brittle or 
super hardened material. The micro-EDM process is based on the thermoelectric energy 
created between a workpiece and an electrode submerged in a dielectric fluid. In this 
process, two electrodes (one is the tool electrode and the other is the workpiece) are 
positioned together and subjected to a voltage. When sparks are generated the electrode 
materials will erode and in this way material removal is realized [Alting et. al., 2003].  
 
Basically, there are two different types of EDM: die-sinking and wire-cut. Die-sinking 
EDM reproduces the shape of the tool used (electrode) in the part whereas in wire-cut 
EDM or wire-EDM, a metal wire (electrode) is used to cut a programmed outline into the 
piece. As mentioned before, in recent years, numerous developments in EDM have 
focused on the production of micro-features. Micro-EDM is being considered as one of 
the most promising methods in terms of size and precision. It has advantage over other 
fabrication processes, such as LIGA (a photo- lithography method), laser, ultrasonic, ion 
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beam etc, because of its lower cost. Also the majority of such non-conventional processes 
are slow and limited in planar geometries. Very small process forces and good 
repeatability of the process results have also made micro-EDM the best means for 
achieving high-aspect-ratio micro-features [Pham et. al., 2004].  
 
In EDM, the machining characteristics are mostly influenced by the values of various 
parameters chosen. But because of its stochastic nature, process parameters are still at 
development stage and their effects on performance measures have yet to be clarified 
[Pham et. al., 2004]. Due to the complicated discharge mechanisms, it is difficult to 
optimise the sparking process. The optimisation of the process often involves relating the 
various process variables with the performance measures maximising the material removal 
rate, while minimising the tool wear rate and yielding the desired surface profile 
[Masuzawa, 2000]. Another important performance measure is the spark gap. For EDM, 
there must always be a small space, known as the spark gap, between the electrode and the 
work piece. This spark gap affects the ability to achieve good dimensional accuracy and 
good finishes. The lower and consistent in size of the gap, the more predictable will be the 
resulting dimension. Different process parameters play important role on spark gap, 
material removal rate, tool wear and surface quality. With appropriate parameters, it is 
possible for micro-EDM to achieve high precision machining [Lim, H. S., et al., 2003]. 
That is why it is very important to measure the amount of deviation from the desired 
performance measures and identify the crucial process variables affecting the process 
responses. Since the selection of proper cutting parameters is required to obtain the higher 
cutting efficiency or accuracy in micro-EDM, the need for the knowledge of precise 
values for optimum parameter is a must. Different types of pulse generators also affect the 
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end result in micro-EDM. Therefore, it is also important to investigate the effect of using 
different pulse generators.  
 
For the die-sinking type EDM, micro-holes are the most basic products of 
micromachining. Holes of sub-micron diameter obtained by EDM are commonly found in 
various daily life products such as, fuel injection nozzles, spinneret holes and biomedical 
filters. Micro-EDM is also employed in making micro-mould and complex 3D structures, 
in electronics, in pharmaceutical industry and optical devices and in MEMS [Masuzawa, 
2000; Alting et al., 2003]. In many applications, specially in bioengineering applications, 
arrays of holes are required and the need for them is increasing day by day [Liu et. al., 
2005]. To obtain an array of holes by micro-EDM, each hole must be machined 
sequentially by using a single electrode. However, the use of single tool electrode has 
limits in throughput and precision because of positioning error and tool wear. 
Replacement of worn electrode causes a decrease in productivity and shape accuracy due 
to electrode positioning errors or variations in electrode dimension. This also requires very 
long machining time. Tools with multiple electrodes can be an answer to this.   
 
The most common method used to obtain tools with multiple electrodes of high precision 
is the LIGA process [Takahata et. al., 1999; Kunieda et. al., 2005]. However, this is an 
expensive process. Other problems like void formation and adhesion problems may also 
occur in fabricating high aspect ratio electrodes by LIGA process. Another successful way 
to get an array of electrodes is by following a number of steps of micro-EDM processes 
[Masaki et. al., 2002]. These processes start off by making a single electrode with Wire 
Electro Discharge Grinding (WEDG) and then going on to make a pattern of holes using 
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this electrode. This pattern is then used to make an array of electrodes on a block by 
reversing polarity which is later on used as the tool for EDM. However, this is a very time 
consuming method. To overcome the problems of high expense and high machining time, 
an alternative way is needed to be ventured.  
 
Although aforementioned non-conventional machining processes have been successfully 
applied in many areas, the gap between conventional and non-conventional machining 
processes are getting narrower. As the non-conventional machining processes are 
becoming more and more commonplace, they are no longer isolated from already 
recognized prevalent processes such as turning, milling and drilling. The incorporation of 
both conventional and non-conventional machining processes to achieve a single goal will 
open up better potential. Multi-process micro machining is becoming the trend of future 
fabrication technology. In this light, a conventional machining process, such as milling, 
can be an answer to obtain a tool with multiple electrodes. This process might be faster, 
more economical and provide good repeatability.  
 
Thus, to make a comprehensive study on micro-EDM, identifying the major parameters in 
the first place and then understanding the behavior of individual parameters and also their 
interacting effect on the machining characteristics is very important. After understanding 
the nature of micro-EDM, it is equally important to investigate the possibilities of more 
practical applications of the process, such as getting an array of micro-holes in one shot by 
using EDM. And to achieve this goal, it is also imperative to go beyond non-conventional 
processes and venture more common conventional processes and try to find the feasibility 
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of combining conventional and non-conventional methods to obtain the right tool for 
micro-EDM to reach the goal. 
 
1.2 Objectives of Research 
The aim of this project is to make a comprehensive study and investigation to find the 
optimum parameters of die-sinking micro-EDM. Another purpose of the project is to find 
the feasibility of venturing a conventional process to obtain a tool with multiple electrodes 
for micro-EDM of an array of holes. While pursuing this, other possibilities, such as the 
effect of using different pulse generator set-ups and using a guiding attachment to reduce 
the wobbling of electrodes, are also to be investigated.  The following objectives are to be 
achieved in this study: 
 To investigate the effect of different process parameters of micro-EDM using the 
transistor type pulse generator set-up. 
 To investigate the effect of different process parameters of micro-EDM using a 
guiding attachment. 
 To investigate the effect of different process parameters of micro-EDM using the RC 
type set-up and make a comparison. 
 To make tools with multiple square electrodes of different materials for micro-EDM 
by using micro-milling process and to study which one possesses better dimensional 
accuracy.  
 To investigate the surface quality, machining time and electrode wear using tools with 
different numbers of electrodes by using both transistor type pulse generator set-up 
and RC type set-up. 
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1.3 Thesis Organization 
There are six chapters in this dissertation. In Chapter 2, a comprehensive review is given, 
which includes the historical background of EDM, an overview of the EDM process, 
different parameters and controllers found in EDM, recent developments in micro-EDM 
with respect to tools with both single and multiple electrodes.  
 
Chapter 3 describes the experimental details. This is done in five parts. In the first part, 
details of the experimental set-up are first given. The second part illustrates the 
experimental details for the experiments done with single electrode, i.e., selection of tool 
and workpiece materials and a brief description of the guide attachment. The third part 
highlights the details for experiments done with tools with multiple electrodes such as tool 
material and tool fabrication. The fourth part gives brief descriptions of the different 
measuring equipments used while the fifth part illustrates the experimental method 
followed throughout the course of study. The fifth part illustrates a summary of the 
different machining parameter settings used throughout the experiments. 
 
Chapter 4 describes the results and discussions obtained from the experiments done by 
using single electrodes. This gives a detailed analysis of the effects of different parameters 
of the micro-EDM process, by using both the transistor and RC type pulse generators, 
with respect to spark gap, machining time, tool wear and surface quality. 
 
Chapter 5 describes the results and discussions obtained from the experiments done by 
using tools with multiple electrodes. This gives a detailed analysis of the results showing 
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the variation in using the transistor type pulse generator and the RC type pulse generator. 
This also highlights the result of using tools with different numbers of electrodes.   
 
In Chapter 6, conclusions derived from the experimental work are summarized and a brief 







2.1 Introduction  
EDM is potentially an important and cost effective non-conventional machining process 
for the fabrication of micro-tools, micro-components and parts with micro-features. 
However, a number of issues remain to be solved before micro-EDM can become a 
reliable process with repeatable results and its full capabilities as a micro-manufacturing 
technology can be realised. Different process parameters affect the dimensional accuracy 
and repeatability of micro-features obtained by micro-EDM. This chapter gives an 
overview of the whole EDM process, then focuses on different parameter studies by using 
single electrodes and also focuses on the different ways of obtaining arrays of holes. 
Section 2.2 gives a brief history of EDM. In section 2.3, an overview of the EDM process 
is illustrated while in section 2.4, the different process parameters are discussed. Section 
2.5 describes the machining characteristics of EDM. Recent developments in micro-EDM 
and arrays of multiple holes have been discussed in sections 2.6 and 2.7 respectively. 
 
2.2 Historical Background of EDM 
EDM is among the earliest non traditional manufacturing processes, having an inception 
more than 60 years ago in a simple die-sinking application. Anyone who has ever seen 
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what happens when a bolt of lightening strikes the ground will have a fair idea of the 
process of EDM. 
 
The history of the EDM process dates back to the days of World Wars I and II. Earlier, 
very few saw the benefits of this process and the popularity of the primitive technology 
was scarce, as much electrode material was removed as that of the work piece and the 
manual feed mechanism led to more arcing than sparking. The process of material 
removal by controlled erosion through a series of sparks, commonly known as electric 
discharge machining, was first started in the USSR in the 1940’s. Two Soviet husband and 
wife scientists, Doctors B.R. and N.I. Lazarenko, first applied it to a machine for stock 
removal. They were convinced that many more improvements could be made to control 
the feed mechanism and then, invented the relaxation circuit. They also invented a simple 
servo controller too that helped maintain the gap width between the tool and the work 
piece. This reduced arcing and made EDM machining more profitable. This was the 
turning point in the history of the EDM process. Initially EDM was used primarily to 
remove broken taps and drills from expensive parts. Through the years, the machines have 
improved drastically – progressing from RC (resistor capacitance or relaxation circuit) 
power supplies and vacuum tubes to solid-state transistors with nanosecond pulsing, from 
crude hand-fed electrodes to modern CNC-controlled simultaneous six-axes machining. 
 
The two principle types of EDM processes are the die sinking and the wire-EDM process. 
The die sinking process was refined as early as in the 1940’s with the advent of the pulse 
generators, planetary and orbital motion techniques, CNC and the adaptive control 
mechanism. From the vacuum tubes, to the transistors to the present day solid state 
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circuits, not only was it possible to control the pulse on time, but the pause time or the 
pulse off time could also be controlled. This made the EDM circuit better, accurate, and 
dependable and EDM industry began to grow. During the 1960’s, the CIRP (College 
International pour la Recherche en Productique) and ISEM (International Symposium for 
Electromachining) conferences were held for the first time in Czechoslovakia which 
proved to be a driving force in the progress of the EDM process. The evolution of the 
wire-EDM in the 70’s was due to powerful generators, new wire tool electrodes, better 
mechanical concepts, improved machine intelligence, better flushing.  
 
Figure 2.1 Evolution of EDM research and world market through time  
 
Over the years the speed of wire-EDM has gone up 20 times when it was first introduced, 
machining costs have decreased by at least 30% over the years. Surface finish has 
improved by a factor of 15, while discharge current has gone up more than 10 times 
higher. Figure 2.1 shows the evolution of EDM research and world market through time. 
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2.3 Overview of EDM Process 
Although the EDM process has been in use for decades, it is still widely misunderstood by 
many in the manufacturing community [Guitrau, 1997]. In the following sections, an 
overview of the EDM process is given to shed some light on the working principle, the 
types and important features of the process.  
 
2.3.1 Principle of Operation 
Electrical Discharge Machining (EDM) is a non-conventional machining technique in 
which the material is removed by the erosive action of electrical discharges (sparks) 
provided by a generator. The discharges result from an electrical voltage that is applied 
between the tool electrode and the workpiece. These are separated by the dielectric fluid in 
a work tank. When sparks are generated the electrode materials will erode and in this way 
material removal is realized [Alting et al., 2003]. Every discharge (or spark) melts a small 
amount of material from both of them. Part of this material is removed by the dielectric 
fluid and the remaining solidifies on the surface of the electrodes. The net result is that 
each discharge leaves a small crater on both workpiece and tool electrode [Allen and 
Lecheheb, 1996]. 
 
A more detailed description of the process is given by Kunieda et. al. [2005]. According to 
their paper, pulsed arc discharges occur in the “gap” filled with an insulating medium, 
preferably a dielectric liquid like hydrocarbon oil or de-ionized (de-mineralized) water 
between tool electrode and workpiece. As the electrode shape is copied with an offset 
equal to the gap-size, the liquid should be selected to minimize the gap (10-100μm) to 
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obtain precise machining. On the other hand a certain gap width is needed to avoid short 
circuiting, especially when electrodes that are sensitive to vibration (like wire-electrodes) 
or deformation are used. The ignition of the discharge is initiated by a high voltage, 
overcoming the dielectric breakdown strength of the small gap. A channel of plasma 
(ionized, electrically conductive gas with high temperature) is formed between the 
electrodes. For every pulse, discharge occurs at a single location where the electrode 
materials are evaporated and/or ejected in the molten phase. As a result, a small crater is 
generated both on the tool electrode and workpiece surfaces. Removed materials are 
cooled and re-solidified in the dielectric liquid forming several hundreds of spherical 
debris particles, which are then flushed away from the gap by the dielectric flow.  
 
The physicists are having difficulty to clearly define differences between sparks and arcs. 
Generally sparks refer to the so called desired condition which produces manageable, 
precise and good quality surface. On the other hand, ‘arcing’ characterizes deteriorated 
machining, which results in discharge concentration, melting and overheating at surface 
spots. It is the arcing condition, which is also sometimes referred to as short circuit. 
 
Since the EDM uses high energy electro-thermal erosion (instead of mechanical cutting 
forces) to remove material, it is capable of machining mechanically difficult-to-cut 
materials such as hardened steels, carbides, high strength alloys, and even the ultra-hard 
conductive materials like polycrystalline diamond and ceramics. The same phenomenon of 





2.3.2 Types of Micro-EDM 
According to Pham et. al [2004], current micro-EDM technology used for manufacturing 
micro-features can be categorised into four different types: 
 Die-sinking micro-EDM, where an electrode with micro-features is employed to 
produce its mirror image in the workpiece. The electrode is normally made of 
copper, graphite, tungsten, copper-tungsten or silver-tungsten and the dielectric 
fluid is mostly hydrocarbon oil or de-ionized water.  
 Micro-wire EDM, where a wire of diameter down to 0.02mm is used to cut 
through a conductive workpiece. In wire-cut EDM a metal wire (electrode) is used 
to cut a programmed outline into the piece.  
 Micro-EDM drilling, where micro-electrodes (of diameters down to 5–10μm) are 
used to ‘drill’ micro-holes in the workpiece.  
 Micro-EDM milling, where micro-electrodes (of diameters down to 5–10μm) are 
employed to produce 3D cavities by adopting a movement strategy similar to that 
in conventional milling. Despite the number of publications extolling the improved 
capabilities of these processes, they are still not widely used. This is mainly due to 
the fact that available machine tools and process characteristics are still not 
sufficiently reliable.  
 
The course of this study has been restricted to the die-sinking micro-EDM type only. 
But as die-sinking micro-EDM and wire-EDM both possess the same principle of 
operation, so to make a study on the parameters, literatures of both types have been 
reviewed in the following sections. 
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2.3.3 Distinctive Features of Micro-EDM 
The following are some of the distinct features and applications of micro-EDM: 
 Micro-EDM has ability to machine any conductive material irrespective of their 
mechanical hardness. The micro-EDM process can process materials such as quenched 
steel and carbides which are mainly used for making cutting tools owing to their very 
high hardness and these materials are very difficult to machine using mechanical 
cutting processes. Micro-EDM can also process materials such as silicon and ferrite 
which have high specific resistance.  
 The micro-EDM system is designed to maintain a gap between the tool and the 
workpiece in order to ensure electric-discharge between them. Therefore, machining 
of material can be done without applying pressure on the material, including high 
precision machining on curved surfaces, inclined surfaces and very thin sheet 
materials which are difficult to drill. Moreover, micro parts actually used in micro 
machines are extremely small, non-contact machining is particularly very important 
for them. 
 High aspect ratio machining can be done using the process. In an ordinary perforating 
process, micro-EDM can easily perforate a hole to a depth equivalent to five times the 
bore diameter.  
 High precision and high quality machining can be done. Precision of the machined 
shape is determined by the shape of the tool electrode, its travelling locus and the 
electro-discharge gap between the electrode and the workpiece. Moreover, the micro-
EDM produces very small burrs, much smaller than those seen in mechanical drilling 
and milling operations and therefore does not need subsequent deburring operations. 
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2.3.4 EDM Compared to Other Micro-machining Technologies 
Nearly all current micro-components are fabricated by micro-electronic production 
technology like etching, deposition and other lithographic techniques. The major 
challenge for the future will be the development of real three-dimensional microstructures 
[Reynaerts et. al., 1997]. Compared to the more traditional micromachining technologies, 
EDM has several substantial advantages: 
 EDM requires a low installation cost compared to lithographic techniques. 
 EDM is very flexible, thus making it ideal for prototypes or small batches of 
products with a high added value. 
 EDM can easily machine complex (even 3D) shapes. 
 Shapes that prove difficult for etching are relatively easy for EDM.  
Another aspect is of course the compatibility of the machining technology with the 
material to be machined. Table 2.1 gives an overview of the compatibility of the above 
cited machining technologies. 
Table 2.1 Compatibility of machining technologies with different materials 
Technology Feasible Materials 
LIGA metals, polymers, ceramic materials 
Etching metals, semiconductors 
Excimer-LASER metals, polymers, ceramic materials 
Micro-milling metals, polymers 
Diamond cutting non-ferro metals, polymers 
Micro-stereolithography polymers 
Micro-EDM metals, semiconductors, ceramics 
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2.3.5 Key Systems Components 
 
Micro-EDM is a version of the conventional die-sinking EDM. Initially, this type of 
equipment was used as a slicing machine for thin-walled structure. With the help of 
computer numerical control, complex shapes can be cut without using special electrodes. 
The narrow spark gap and dimensional accuracy of the process make it possible to provide 
close fitting parts. A typical micro-EDM set-up consists of the following parts: 
 Controller circuit 
 Main spindle unit 
 Workpiece holder and base 
 Dielectric fluid circulation unit 
 
2.3.6 Types of Pulse Generators 
The controller circuit can have two types of pulse generators – Resistance-Capacitance 
(RC) or Relaxation type and Transistor type pulse generator. Based on the research by 
Han et. al. [2004] and review by Kunieda et. al. [2005] a description is given here on these 
different types of pulse generators. 
 
 
With growing demands for micro parts, micro-EDM is becoming increasingly important. 
However, micro-EDM has poor material removal rate due to the use of conventional pulse 
generators and feed control systems. In conventional EDM, as mentioned before, two 
kinds of pulse generators are generally used: relaxation or RC type pulse generator and 




(a) Relaxation or RC type pulse generator 
 
(b) Transistor type pulse generator 
Figure 2.2 (a) RC type and (b) Transistor type pulse generators 
 
The fabrication of parts smaller than several micro meters requires minimization of the 
pulse energy supplied into the gap between the workpiece and electrode. This means that 
finishing by micro-EDM requires pulse duration of several dozen nano-seconds. Since the 
RC pulse generator can generate such small discharge energy simply by minimizing the 
capacitance in the circuit, it is widely applied in micro-EDM. However, machining using 
the RC pulse generator is known to have the following demerits:  
1. Extremely low removal rate from its low discharge frequency due to the time 
needed to charge the capacitor 
2. Uniform surface finish is difficult to obtain because the discharge energy varies 




3. Thermal damage on the workpiece when the dielectric strength is not recovered 
after the previous discharge and the current continues to flow through the same 
plasma channel in the gap without charging the capacitor.  
 
The transistor type pulse generator is on the other hand widely used in conventional EDM. 
Compared with the RC pulse generator, it provides a higher removal rate due to its high 
discharge frequency because there is no need to charge any capacitor. Moreover, the pulse 
duration and discharge current can arbitrarily be changed depending on the machining 
characteristics required. This indicates that the application of the transistor type pulse 
generator to micro-EDM can provide dramatic improvements in the removal rate due to 
the increase in the discharge frequency by more than several dozen times. 
 
Early EDM equipment used relaxation type pulse generators with capacitor discharges as 
shown in Figure 2.2 (a). This type of equipment has been used especially where discharge 
current with high peak values and short duration is needed. With improved capability of 
power transistors which can handle large currents with high response, the relaxation type 
was replaced by the transistor type shown in Figure 2.2 (b). However, the relaxation type 
pulse generators are still being used in finishing and micro-machining because it is 
difficult to obtain significantly short pulse duration with constant pulse energy using the 
transistor type pulse generator. If the transistor type is used, it takes at least several tens of 
nano-seconds for the discharge current to diminish to zero after detecting the occurrence 
of discharge because the electric circuit for detecting the occurrence of discharge, the 
circuit for generating an output signal to switch off the power transistor and the power 
transistor itself have a certain amount of delay time. Hence, it is difficult to keep the 
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constant discharge duration shorter than several tens of ns using the transistor type pulse 
generator.  
 
Figure 2.3 Charge stored in both stray capacitance and condenser is discharged 
 
An interesting phenomenon in RC type pulse generators is the stray capacitance. When 
this pulse generator is used, capacitance of the capacitor should be decreased to obtain 
smaller discharge energy per pulse. In the actual EDM machine, however, stray 
capacitance exists between the electric feeders, between the tool electrode holder and 
work table, and between the tool electrode and workpiece. Hence all the charge stored in 
the stray capacitance is discharged to the working gap together with the charge stored in 
the capacitor wired to the circuit as shown in Figure 2.3. This means the minimum 
discharge energy per pulse is determined by the stray capacitance. In the final finishing, 
when minimum discharge energy is necessary, the capacitor is not wired and machining is 
conducted with the stray capacitance only. Attempts [Han et. al., 2004; Hara, 2001] were 
made to replace the relaxation type pulse generator with the transistor type pulse generator 
in micro EDM, and a minimum discharge duration of 30ns was achieved. However, even 
if future developments of electronics devices can further reduce the delay time of 
transistor type pulse generator, the discharge energy can never be smaller than the energy 
stored in the stray capacitance.  
 19
Literature Review 
2.4 Parameters of EDM Process 
In recent years, numerous developments in EDM have focused on the production of 
micro-features. But because of its stochastic nature, process parameters are still at 
development stage and their effects on performance measures have yet to be clarified 
[Pham et al., 2004]. The optimum selection of manufacturing conditions is very important 
in manufacturing processes as they determine surface quality and dimensional precision of 
the so-obtained parts [Puertas and Luis, 2003]. This often involves relating the various 
process variables with the performance measures maximising material removal rate and 
surface quality, while minimising tool wear rate [Masuzawa, 2000]. With appropriate 
parameters, it is possible for micro-EDM to achieve high precision machining [Lim et. al., 
2003]. In micro-EDM, identifying the major parameters is the first step before proceeding 
to find the optimum parameters. Both types of EDM processes – die sinking and wire-
EDM have similar parameters due to the nature of their process. From literatures 
concerning EDM, the following parameters are identified as the major ones: 
1. Voltage 
2. Current 
3. Pulse on time (Ton) 
4. Pulse off time (Toff) 
 
Other machining parameters like spindle speed, resistance (which affects the current in the 
current set-up), EDM speed (servo speed) also have significant effect on the EDM 
process. Some other machine dependant parameters like short and open also are worth 
investigating. A brief description of the major parameters of micro-EDM discussed here.  
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Voltage: It is the voltage applied between the tool and the workpiece. The applied voltage 
determines the total energy of the spark. If the voltage is high, the erosion rate increases 
and the higher machining rate is achieved. But at the same time, higher voltage will also 
contribute to poor surface roughness. In order to achieve higher machining rate, higher 
voltage may again be the prime reason for higher tool wear. Therefore, for micro-EDM, a 
very moderate value of voltage needs to be used.  
 
Current: This is another very important parameter that determines almost all the major 
machining characteristics such as machining rate, surface roughness, gap width etc. 
During machining, the current level fluctuates. The term ‘peak current; us often used to 
indicate the highest current during the machining. The higher the peak current setting, the 
larger is the discharge energy. From experimental evidences of previous research work, it 
seems that sensitivity of the peak current setting on the cutting performance is stronger 
than that of the pulse on time. When the peak current setting is too high, it may lead to 
higher tool wear as well.  
 
Pulse on Time: It is one of the most important parameters in EDM or wire-EDM. This is 
the duration of time (µs) the current is allowed to flow per cycle. Material removal rate is 
directly proportional to the amount of energy applied during this pulse on time. This 
energy is really controlled by the peak current and the length of the pulse on time. The 
main EDM operation is effectively done during this pulse on time. It is the ‘work’ part of 
the spark cycle. Current flows and work is done only during this time. Material removal is 
directly proportional to the amount of energy applied during this time. With longer period 
of spark duration, the resulting craters will be broader and deeper; therefore, the surface 
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finish will be rougher. Shorter spark duration on the other hand, helps to obtain fine 





Figure 2.4 Typical waveform of a voltage between the workpiece and tool electrode 
during EDM. The pulse on time, Ton is the duration when actual sparking occurs. Pulse off 
time, Toff is when sparking is off, Total cycle, T consists of Ton and Toff. 
 
 
Pulse off time: This is the duration of time (µs) between two successive sparks when the 
discharge is turned off. Pulse off time is the duration of the rest or pause required for 
reionization of the dielectric. This time allows the molten material to solidify and to be 
washed out of the spark gap. If the pulse off time is too short, it will cause sparks to be 
unstable, then more short circuiting will occur. When the pulse off time is shorter, the 
number of discharges with a given period becomes more. This results in higher machining 
speed, but the surface quality becomes poor because of a larger number of discharges. On 
the other hand, a higher pulse off time results in higher machining time. Although larger 
pulse off time slows down the process, it can provide stability required to successfully 
EDM a given application. When the pulse off time is insufficient as compared to on time, 
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it will cause erratic cycling and retraction of the advancing servo motors, slowing down 
the operation.  
 
EDM speed: EDM speed is basically the speed at which the tool is fed during the 
continuous machining condition. The speed is controlled by the servo motor. The effect of 
EDM speed is also not studied in previous research work, although it can have significant 
influence on the machining conditions. 
 
Resistance: In the new multi purpose miniature machine available in the lab, there is an 
option to vary the resistance value. The change of resistance in effect changes the amount 
of current applied for micro-EDM. The applied energy is thus a function of the resistance. 
In the machine, 4 different levels of resistance can be used (6.8. 15, 33 and 100Ω). 
 
Short: The parameter ‘short’ or ‘short detection’ in the CNC program is a parameter to 
determine how many continuous sparks will be considered as short circuit. It is primarily a 
control parameter. The literature investigations show that the published work available do 
not provide any specific information on the control parameter, short detection and its 
effects on the machining characteristics. From the basic understanding of the spark 
phenomena in EDM is it understood that shirt detection parameters has it’s implication for 
the machining result. This can be explained as below: 
 When short parameter is set to high value, there will be more continuous sparks 




 Because of less successive sparks, a smaller value is helpful for better machining 
surface. So crater generated will be less intensive, which translates to better 
surface.  
 But too large a value will mean faster machining with bad surface quality. On the 
other hand, too smaller a value will result in better surface quality with too long 
machining time. 
 
Open: It is another control parameter that determines how long the machining can be 
withdrawn once a short circuit or any other unfavourable machining condition occurs. The 
open parameter consists of the amount of time a complete cycle takes that is the sum of 
pulse on time and off time. If the value of open is 3 then it implies that the time of 
withdrawal would be 3 times one complete cycle (pulse on time + pulse off time). It is a 
passive parameter like pulse off time, nevertheless whether this parameter has any 
significant impact is under investigation.  
 
Capacitance: For RC type pulse generators, the main parameters are voltage, resistance 
and capacitance. The voltage and resistance parameters can be explained the same as in 
transistor type pulse generators. The only different element here is the capacitance 
parameters. The capacitor in the circuit ‘charges’ during part of the cycle and then 
‘discharges’ during the machining period. So this parameter is directly related to the 




2.5 Machining Characteristics 
The major performance measures or machining characteristics that are generally studied in 
the literature are: 
1. Spark gap 
2. Material removal rate (MRR) or machining time 
3. Surface quality or surface integrity  
4. Tool wear ratio 
 
In micro-EDM, the phenomena relating to the parameters are complex and mostly 
stochastic in nature. This it puts forward the challenges in the understanding of the effects 
and interaction of the parameters. In order to get desired micro-machining result all the 
matters need to be addressed properly. The major concerns and area for improvement in 
micro-EDM can be categorized as follows: 
1. Minimization of spark gap 
2. Increase of material removal rate, i.e., reduction of machining time 
3. Improvement of surface quality 
4. Reduction of tool wear 
 
As the main principle of die-sinking micro-EDM and wire-EDM are the same and the 
same control circuit is being used in the lab for both, the literature review for these 





2.5.1 Spark Gap 
For EDM, there must always be a small space, known as the spark gap, between the 
electrode and the work piece. It is measure by subtracting the tool diameter from the 
diameter of the machined hole and then dividing the result by two (Figure 2.5). This spark 
gap affects the ability to achieve good dimensional accuracy and good finishes. The lower 
and consistent in size of the gap, the more predictable will be the resulting dimension. The 
machining accuracy depends on the minimum spark gap possible. As stated by Pham et. 
al. [2004], in order to achieve micro-features, the spark gap should be very small. Thus for 
micro-EDM it is a major challenge to reduce the gap width as much as possible. Studies 
on parameters are needed in detail for understanding the co-relation with spark gap and 
how it can be further improved. Liao et. al. [1993] found that the spark gap and surface 
roughness are mainly influenced by pulse on time. But it was found out that current and 
also the applied energy influence the spark gap. Also from the other research work the 
main parameters affecting spark gap were identified as open circuit voltage, peak current 










Figure 2.5 Spark gap between workpiece and electrode 
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The dimensional accuracy of the spark gap is very important in cutting micro-parts. For 
micro-EDM, it is of practical need that the spark gap and hence, the dimension of the 
machined groove should be predictable and under control. Depending on different 
machining condition, this gap may vary. In order to have dimensional accuracy, there is a 
need to know how to control this spark gap. The input parameters like voltage, current, 
pulse on time, pulse off time affect this. 
 
The literature survey indicates that although there are published works on the effect of 
machining parameters on material removal rate, cutting speed etc., there is very little 
research work found on studying the effect of machining parameters on spark gap in 
micro-EDM and wire-EDM. Among them, Tosun. et. al. [2004] have studied effects on 
spark gap and material removal rate based on Taguchi Method. The experimental studies 
were conducted under varying pulse duration, open circuit voltage, wire speed and 
dielectric flushing pressure. From their experimental results and statistical analysis they 
found that the most effective parameters with respect of spark gap are open circuit voltage 
and pulse on time.  Another study done on a composite material by Hwa et. al. [2005] 
concentrated on the pulse on time, cutting speed, the width of slit or spark gap and surface 
roughness showed that the material removal rate, the surface roughness and spark gap of 
machining significantly depend on the volume fraction of reinforcement. In the 
experimental investigation of spark gap against pulse on time, it was found that the 
increasing pulse on time contribute to higher gap. But the result is very much influenced 
by the amount of reinforced particle in the work material since they influence the thermal 
conductivity and electrical conductivity of composite material.  
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2.5.2 Material Removal Rate (MRR) 
Material removal rate in micro-EDM is defined as the amount of material that is removed 
per unit time. It is an indication of how fast or slow the machining rate is. Since 
machining rate is related to the economic aspect, often it is of high preference objective to 
achieve. Thus a parameter that leads to higher material removal rate is important for 
production. This is more so in micro-EDM, as this is usually a very slow process. At the 
same time, higher machining productivity must also be achieved with a desired accuracy 
and surface finish. The material removal rate is usually calculated using the following 
equation [Puertas et. al., 2004]: 
Material removal rate (MRR) = Volume of material removed from part
Time of machining
 
A model for machining parameters of wire-EDM can be found from the work done by 
Hewidy et. al. [2005]. Here, the effect of peak current, duty factor (which depends on the 
pulse on and pulse off time) and wire tension are studied on volumetric metal removal rate 
(VMRR). From experimental results it was observed that increase in peak current leads to 
the increase in the volumetric metal removal rate. This results have been attributed to the 
fact that an increase in peak current leads to the increase in the rate of heat energy and 
hence the rate of melting and evaporation. However, after a certain value, due to arcing, it 
decreases discharge number and machining efficiency, and subsequently VMRR. Also 
when flushing pressure increases the tendency of arcing decreases and increases the 
material removal rate. VMRR generally increases with the increase of the duty factor, 
which is defined as the ratio of pulse on time to total pulse on and off time in this paper. 
At higher value of duty factor, same heating temperature is applied for a longer time. This 
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causes an increase in the evaporation rate and gap bubbles number which while exploding 
cause removal of bigger volume of molten metal.  
 
2.5.3 Surface Roughness 
During each electrical discharge, intense heat is generated that causes local melting or 
even evaporation of the workpiece material. With each discharge, a crater is formed on the 
workpiece. Some of the molten material produced by the discharge is carried away by the 
dielectric fluid circulation while the remaining melt re-solidifies to form an undulating 
terrain around the machined surface. Research has been conducted to prove the point that 
better surface integrity can be achieved by optimizing the EDM process parameters 
[Rajurkar and Royo 1989; Laio and Woo, 1997; Ramulu et. al., 1997; Gatto and Iuliano, 
1997]. It has also been stated by Qu and Albert, [2002] that to improve the EDM surface 
integrity, the size of craters needs to be small.  
 
A study was done on surface roughness against open circuit voltage and dielectric fluid 
pressure [Hascalyk and Caydas, 2004]. It was found that surface roughness increased 
when the pulse on time and open circuit voltage were increased. Because of greater 
discharge energy, the surface roughness is affected by pulse on time and open circuit 
voltage. Again, depending on the nature of the work material, the surface roughness 
varies. When compared against different dielectric fluid pressure, surface roughness 
shows slightly decreasing trend with increasing pressure. This result is explained by the 
cooling effect and also increasing pressure helps the debris to be cleared out easily. The 
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cutting performance with increasing dielectric fluid pressure improves because the 
particles in the machining gap are evacuated more efficiently. 
 
Another observation found by Hwa et. al. [2005] is the effect of pulse on time on surface 
roughness. It is found that the surface roughness increases with increasing pulse on time. 
As increasing pulse on time generates high discharge energy that causes violent sparks, it 
widens and deepens discharge craters of workpiece surface. After the cooling process of 
the molten metal, residues remain at the periphery of the crater to form a rough surface. 
On the other hand, an increase in pulse off time allows gas bubbles to decrease in number 
and to be smaller as a result of applying the heat energy for a shorter time. When the 
discharge ceases, these small gas bubbles will collapse containing lower pressure energy. 
The result is a decrease in surface roughness. 
 
Hewidy et. al. [2005] have studied surface roughness at different duty factors and flushing 
pressures. From experimental results it is demonstrated that the surface roughness slightly 
increases with the increase of peak current value up to certain level and then vigorously 
increase with any increase in peak current. It can be explained by the fact that increase in 
peak current causes an increase in discharge heat energy at the point where the discharge 
takes place. The overheated pool of molten metals evaporates forming gap bubbles that 
explode when the discharge ceases. This takes molten metals away and forms crater on the 
surface. Successive discharges thus result in worse surface roughness. Surface roughness 




2.5.4 Tool wear ratio 
The tool wear ratio is defined as the volume of metal lost from the tool divided by the 
volume of metal removed from the workpiece. High tool wear rates result in inaccurate 
machining and add considerably to the expense since the tool electrode itself must be first 
accurately machined. Tool wear ratio is calculated by the following equation [Puertas et. 
al., 2004]: 
Tool wear ratio = Volume of material removed from electrode
Volume of material removed from part
 
  
It has been stated before that one of the problems in EDM is that material not only gets 
removed from the workpiece, but also gets removed from the tool while machining. 
Because of this, the desired shape often is not achieved due to the lack of accuracy in the 
deformed geometry of the tool. To reduce the influence of the electrode wear, it is 
necessary either to feed electrode larger than the workpiece thickness in the case of 
making through-holes, or to prepare several electrodes for roughing and finishing in the 
present state of technology [Tsai and Masuzawa, 2004]. Tool life is an important concern 
of in micro-EDM. The low energy range is becoming important when the EDM process is 
used in the micro-field. However, little is known of the electrode wear in low energy range 
applied in micro-EDM. Tsai and Masuzawa [2004] experimentally investigated the 
electrode wear of different materials and found the followings:  
 The volumetric wear ratio of the electrode becomes small for the electrode 
material with high boiling point, high melting point, and high thermal 
conductivity. This tendency is independent of the workpiece materials. 
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 Corner wear of electrode relates to diffusion of heat. The corner rounding is more 
obvious when the thermal conductivity of the electrode is low. 
 The boiling point of the electrode material plays an important role in wear 
mechanism of micro-EDM, since high surface temperature and high energy 
density correspond to small discharge spot.  
 
So, it is seen that the tool wear characteristics are associated with material properties, 
specially the boiling point. The wear of tungsten electrode is the smallest among tested 
materials because it’s melting and boiling points are the highest. Wear of aluminum is the 
largest among the experimental materials due to the lowest melting point. Besides, the 
wears of copper and silver electrodes are smaller than iron or nickel electrode although 
having lower melting points and boiling points. It seems to relate with the excellent 
thermal conductivity of copper and silver. According to Cao et. al [2005], the wear of the 
electrode is related to such factors as the distribution of discharge power between both 
electrodes and the thermodynamic constants of materials. 
 
Therefore, it is understood that the tool wear is influenced by the amount of heat 
generation in the machining region. Puertas et. al., [2004] stated that In the case of 
electrode wear, it was also seen that the intensity factor was the most influential, followed 
by its own pure quadratic effect and the interaction effect of intensity and pulse on time. 
This is understandable as these factors influence the energy level which in turn influence 




In the case of drilling micro-holes, tool wear causes a taper in the achieved holes. Due to 
the uneven tool wear of the tool electrode, the diameter of the hole on the top surface will 
be different from that at the bottom surface. Figure 2.6 shows a typical EDMed hole with 
a taper. The value of the taper is calculated by the following equation: 
 
Taper = Diameter of hole on top surface - Diameter of hole on bottom surface
















Figure 2.6 EDMed hole with taper 
 
2.6 Recent Developments, Applications and Challenges of Micro-EDM 
EDM research was inspired by the old paradigm of technology that each problem in a field 
must be solved. The founders of this paradigm were Newton and Maxwell. There were a 
number of problems faced when mathematical modeling of the EDM process was done. 
The gap pollution, the hydrodynamic and thermodynamic behavior of the working fluid 
are hard to model. Getting a model in all with practical technological results was difficult. 
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This inability along with the high demand from the market led to a more pragmatic, 
application oriented research into the EDM process. 
 
The research going on today aims at a more application oriented field rather than 
searching for a unified EDM model. Today the micro-EDM market is growing owing to 
increasing popularity of EDM in the manufacturing market and secondly due to the 
indirect influence of fundamental and applied EDM R&D, carried out at various labs, 
industrial ones and at universities. Research and development have brought this process to 
its present level. 
 
Microholes are the most basic products of micromachining. Holes of sub-micron diameter 
are commonly found in various daily life products. Due to the versatility of the micro-
EDM process that can be used for all materials of any hardness, it’s popularity is gradually 
increasing for use in making many of these products, for example, fuel injection nozzles, 
spinneret holes, standard defects for testing material, biomedical filter [Masuzawa, 2000]. 
Micro-EDM is also employed in the field of micro-mould making and used for the 
production of micro-valves, grooves and channels, bore holes, linear profiles, columns and 
even complex 3D structure [Alting et. al., 2003]. Apart from these, micro-EDM processes 
are widely used in electronics and optical devices, micro-mechanical parts and micro-tools 
for producing these devices (Kunieda et. al., 2005]. Some other applications include cores 
for the injection moulding process or milling tools for micro-cutting of cavities [Fleischer 




Allen [2000] and Hana et. al., [2006] discusses the various aspects of micro-EDM for 
MEMS (micro electro mechanical systems). The fabrication of miniature devices for 
MEMS has relied heavily in the past on bulk and surface etching of silicon and metal 
films deposited in vacuum or electrochemically. However, some materials such as 
stainless steels, titanium and shape memory alloys require high aspect ratio holes through 
foils up to 200µm thick when etching technology may not be practical or economical. 
Industrial MEMS applications include ink jet printing heads containing hundreds of 
accurately aligned, identical, round nozzles about 50µm in diameter. Micro-EDM can be 
an answer to this. 
 
Micro-EDM is applied to minute curved surfaces to form super fine nozzles like those 
used for fuel injection in diesel engines and to do the high precision metal masking for 
printing used in the electronic device manufacturing processes. This can also be used to 
make ink jet printing nozzles. Electro-discharge machining has also been used mainly for 
the machine processing of molds and dies for which details are required, for the 
production of micro machines. Yoshihito et. al., [2004] investigated and found that since 
the introduction of high-speed cutting, it has been progressively replacing the shape 
carving method employed in die manufacturing using electrical-discharge machines. 
However, a problem in the cost related to using high-speed cutting tools has recently 
become obvious, as well as the fact that some shapes can only be created using electrical-
discharge machining. In view of these circumstances, there are expectations that micro-
processing — for example, the machining of micro-holes and highly accurate micro-dies 
— is a field in which the application of EDM will continue to grow. For such processes, 
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as compared to existing uses, vast improvements in machining speed and accuracy are 
required. 
 
More and more new types of profiles obtained by micro-EDM are being developed each 
day. Yamazaki et. al. [2004] describes a new method capable of forming a thin rod 
electrode and rod electrode of complicated shape in a few minutes, only by changing the 
relative position of the hole and rod electrode. In another study, Diver et. al., [2004] have 
development of a novel technique to produce reverse tapered micro-holes using micro-
EDM, to a production standard that could be applied to real products in industry. Another 
work by Takezawa et. al. [2004] has developed a micro-EDM-machining-center with 
rapidly sharpened electrode in order to implement precision micro-machining. 
 
Despite the number of publications extolling the improved capabilities of these processes, 
they are still not widely used. This is mainly due to the fact that available machine tools 
and process characteristics are still not sufficiently reliable. There are still too many 
uncertainties in the process, too many unanswered questions. Because of the stochastic 
nature of the whole process, in many cases, repeatable results are not obtained. That is 
why the study on the process parameters is still going on. Figure 2.7 shows the 








Figure 2.7 Problematic areas of micro-EDM [Pham et. al., 2004] 
 
 
2.7 Arrays of Micro-holes by EDM 
In many applications arrays of holes are required. To obtain a lot of individual structures 
by the conventional micro-EDM, each structure must be machined sequentially by using a 
single electrode. Such a serial machining requires very long machining times and is not 
very suitable for industrial purposes. To convert the micro-EDM from serial to parallel, it 
is necessary to obtain a group of electrodes for machining where multiple structures are 
required [Takahata et. al., 1999]. The use of single tool electrode has limits in throughput 
and precision because of positioning error and tool wear [Kunieda et. al., 2005]. 
Replacement of worn electrode causes a decrease in productivity and shape accuracy due 
to electrode positioning errors or variations in electrode dimension. This also requires very 















Figure 2.9 (a) Tool with multiple electrodes made by LIGA and (b) an array of holes 
obtained by using this tool [Takahata et. al., 2001] 
 
The most common method used to obtain tools with multiple electrodes of high precision 
is the LIGA process. [Takahata et. al., 2001]. Figure 2.8 shows the concept of it. Using 
this concept of making tools with multiple electrodes by LIGA and then using them to 
make an array of hole by micro-EDM, an array of 400 through-holes was successfully 
produced in 50µm thick stainless steel. The machining time was 5 minutes, which is 20x-
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30x less than that required for serial machining by a single electrode. Figure 2.9 (a) shows 
the tool with multiple electrodes while Figure 2.9 (b) shows the array of holes obtained in 
this experiment.  
 
Figure 2.10 SEM view of array of cylindrical electrodes of diameter 100µm  
 
Takahata et. al., [1999] illustrates another example of using LIGA in getting arrays of 
holes. To examine the machining, a 3x4 array of cylindrical electrodes was sampled. 
Figure 2.10 shows an SEM view of the copper electrode array on a substrate. Each 
electrode has a diameter of 100µm and is repeated every 500µm. A single discharging 
circuit is connected between the electrode array through the electroplating base and a 
workpiece of stainless steel with thickness of 50µm. In this set-up a nozzle array in the 
workpiece shown in Figure 2.11 was produced by feeding the electrodes once into the 
workpiece. The nozzles have sharp edges and fine side-wall surfaces. The machining time 
was about 4 minutes. Time to machine twelve nozzles by the conventional micro-EDM 
using a single electrode of tungsten was about 14 minutes. The machining time has been 
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shortened to less than one third of that of the conventional method. It is expected that the 
time will be much shorter with the parallel discharge circuits for the machining. 
 
Figure 2.11 Nozzle array produced in parallel by using electrode array shown in Figure 
2.10 [Takahata et. al., 1999] 
 
Li and Gianchandani [2005]  describes a new fabrication process which combines 
lithography, electroplating, batch mode micro-EDM and batch mode micro-USM has been 
developed to provide die-scale pattern transfer capability from lithographic mask onto 
ceramics, especially piezoceramics like PZT, PMN-PT, etc. 
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However, LIGA is a highly expensive process. Other problems like void formation and 
adhesion problems may also occur in fabricating high aspect ratio electrodes by LIGA 
process.  
 
Another successful way to get an array of electrodes is by following a number of steps of 
EDM processes [Masaki et. al., 2002]. Figure 2.12 shows this novel approach to improve 
the throughput in micro-EDM. In the first step (n=1), a single micro cylindrical electrode 
is made by WEDG. In the second step (n=2), a plate electrode is perforated to have a 
pattern of holes using the cylindrical electrode made in the first step. In the third step 
(n=3), using the plate electrode as tool electrode, the pattern is replicated to a block 
workpiece. In the next step (n=4), the workpiece is used as tool electrode by reversing the 
polarity to make many patterns of holes precisely and efficiently. After this, steps of 3 and 
4 may be repeated to obtain numerous numbers of holes. However, this is a very time 
consuming method.  
 
 Figure 2.12 Micro-EDMn method [Masaki et. al., 2002]  
Other problems observed in using high aspect ratio, densely packed electrode arrays 
include the following. The debris produced during the machining process gradually form 
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lumps that tend to clog dense arrays or complex shapes. This problem is exacerbated in 
the context of lithographically fabricated electrode arrays because the debris are trapped 
between the workpiece and the electrode substrate. Trapped debris increase the likelihood 
of irregular arcing that disrupts regular discharge pulses. They may also deform the 
electrodes. Another concern is that arrays of narrow electrodes have an increased potential 
for damage from local pressure fluctuations (shock waves) that will be created in the 
dielectric oil as it is heated by discharge pulses. 
 
Figure 2.13 An array of square micro-holes [Liu et. al., 2005] 
Liu et. al. [2005] has done some research on arrays of holes with high nickel alloy. Figure 
2.13 shows an array of square micro-hole arrays fabricated in this study. Recently, 
biomedical technology has become popular with its potential applications in 
pharmaceutical industry. Arrays of micro-holes or micro-fluidic channels are needed to 
serve as the holding sites for the test agent (e.g., tagged DNA segments with fluorescent 
dye) to detect the hybridization of the test samples. Minimizing the size of the array of 
micro-holes increases the number of micro-holes on the substrate. It not only reduces the 
amount of expensive test agent, and greatly reduces the analytical cost, but also increases 
the amount of testing items that can be processed simultaneously, and increases the 







A series of experiments were conducted to study the characteristics of micro-EDM. This 
chapter describes the experimental set-up and procedures followed to study the effect of 
different parameters of die-sinking micro-EDM by using tools with single and multiple 
electrodes.  
3.2 Experimental Set-up 
The experimental set-up of this study comprises mainly of a Multi-purpose Miniature 
Machine made by Mikrotools, tools with single and multiple electrodes, stainless steel 
workpieces etc., which will be discussed briefly in the following sections. 
3.2.1 Multi-purpose Miniature Machine 
A Multi-purpose Miniature Machine Tool (DT 110) has been developed for high-precision 
micro-machining at National University if Singapore (NUS) (Lim et. al. 2003; Rahman et. 
al. 2004) (Figure 3.1). The maximum travel range of the machine is 210 mm (X) × 110 
mm (Y) × 110 mm (Z). Each axis has optical linear scale with the resolution of 0.1µm, and 
full closed feedback control ensures accuracy of sub-micron. Machine enables changeable 
high speed, middle speed and low speed spindles for micro-milling, micro-turning and 
micro-grinding on the machine. The low speed spindle is electrically isolated from the 
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body of the machine so that electrical machining, such as EDM and ECM, can be 
performed on the machine. The motion controller can execute a program downloaded 
from the host computer independently; thus a good EDM gap control can be achieved in a 
real time. During the initial and major stages of the experiments, this machine has used a 
transistor-type pulse generator. At the end of the study, the pulse generator was changed to 

















User interface programme 
Control system 
Figure 3.2 Multi-purpose Miniature Machine Tool with micro-EDM attachment 
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The basic set-up of the machine consists of a mechanical body, a drive and control system, 
dielectric system and a PC to input command programme into the control system. Figure 
3.2 shows the set up at Advanced Manufacturing Lab, used throughout this study. A 
detailed view of the set-up can be observed in Figure 3.3. It consists of a spindle with a 
tool holder unit. Collets of different diameters can be used for tools of different diameters. 
The workpiece holder is attached with the sink and can hold workpices of different 

























Figure 3.3 Detailed view of the set-up with micro-EDM attachment 
3.3 Experiments with Single Electrode 
3.3.1 Tool Material 
Tungsten electrodes were used for the experiments with single electrode. Tungsten 
electrodes with a diameter of 300µm were used throughout the experiments to study the 
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effects of different parameters of the process. Tungsten was selected because of its high 
tensile strength, its conductivity. Table 3.1 illustrates some properties of tungsten.  
Table 3.1 Properties of Tungsten 
Property Unit Value 
Density of Solid kg/m3 19250 
Young’s Modulus GPa 411 
Bulk Modulus GPa 310 
Brinell Hardness MN/m3 2570 
Electrical Resistivity Ohm/m 5×10-8
Thermal Conductivity W/cmK 1.74 
Electrical Conductivity /cm-ohm 0.189106 
 
3.3.2 Workpiece Material 
In the experiments, Stainless Steel of SUS 304 Grade was used. This is one of the most 
versatile and most widely used materials. Stainless steel has many applications in the 
manufacturing industry where resistance to corrosion and high strength are needed. Due to 
its high hardenability, superior mechanical properties and corrosion resistance, stainless 
steel is widely used for plastic molds, precision mechanical parts and surgical tools. It has 
excellent forming and welding characteristics. The structure of Grade 304 enabled it to be 
dominant in the manufacture of stainless steel parts. Various typical applications include 
food processing equipments, chemical containers, surgical tools etc. Table 3.2 illustrates 
the composition of Stainless Steel while Table 3.3 and Table 3.4 respectively illustrate the 
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mechanical and physical properties of Stainless Steel of 304 Grade. For all the 
experiments with the single electrode, stainless steel of 300µm thickness was used. 
Table 3.2 Composition of Stainless Steel 
C Mn Si P S Cr Ni N 
0.08 2.0 0.75 0.045 0.031 20.0 10.5 0.01 
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3.3.3 Dielectric Fluid 
Dielectric fluid is very important for micro-EDM. The dielectric used in the experiments 
was EDM oil. This oil is of hydrocarbon origin. Low pressure flushing was used during 
the experiments. 
3.3.4 Ceramic Guide Set-up 
During the experiments it was observed that wobbling creates a problem when it comes to 
repeatability and also affects the dimensional accuracy with larger spark gaps. To reduce 
this wobbling, a guiding device for electrode is needed. So in order to check the effect of 
wobbling of tool electrode and to achieve better results, an existing guiding attachment 
was modified with a ceramic guide and used. The ceramic guide used here has an inner 
diameter of 300µm which restricts the traversing path of the electrode. This in turn 
reduces wobbling and ensures a smaller spark gap. The set-up consists of a spindle with a 
guide holder, to hold this ceramic guide. This device is attached to the existing machine 
set up which allows the ceramic guide to be fixed above the workpiece. Electrode goes 
through this guide which eventually reduces wobbling of the electrode. This gives better 
dimensional accuracy. The ceramic guide holder for this attachment has been fabricated.  
 
The existing guide attachment had a different design for the guiding action. It had a v-
groove through which the electrode would pass and three adjustable wires would keep it 
fixed (Figure 3.4). The good thing about this was an electrode of any diameter could be 
used. But as the wires that supported the electrode, having dimensional inaccuracy, were 
not very stable, thus, did not eventually eliminate wobbling altogether.  As a result, this 
was not a very accurate method. To make it more accurate and consistent, two ceramic 
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guides with inner diameters of 200µm and 300µm were bought. Both the guides had the 
same outer dimension and an attachment to fix them on the existing set-up was developed. 
Figures 3.5 and 3.6 show the guide set-up with the new attachment.  
  V-groove 
with 3 wires 

























 Ceramic guide 
Ceramic guide 
holder 





























Figure 3.6 New guide attachment with the ceramic guide on the machine set-up  
 
3.4 Experiments using Tools with Multiple Electrodes 
3.4.1 Tool Fabrication 
Tools with multiple electrodes of brass and copper were fabricated by micro-milling using 
the Mori Seiki’s NV5000 high precision vertical machining center for drilling arrays of 
holes. Tools with 37, 61, 121 and 139 electrodes were fabricated. For fabrication of tools 
with 37 and 61 electrodes, 0.5mm super multigrain carbide cutter with TiAlN coating was 
used while for getting tools with 121 and 139 electrodes, 0.3mm cutter of the same type 
was used. A step size of 25µm was used for fabrication. Each electrode has a dimension of 
about 0.1mm × 0.1mm × 1mm. Figure 3.7 shows the Mori Seiki NV500 high precision 




Figure 3.7 Mori Seiki NV5000 high precision vertical machining center at AML 
 
3.4.2 Tool Material 
Copper and Brass with diameters of 6mm were chosen as the tool materials. Tools with 
37, 61 and 139 electrodes were fabricated with Copper and tools with 37, 61 and 121 
electrodes were fabricated with Brass. Upon inspection under the microscope, it was seen 
that the Copper tools have burrs on the edges and are not uniform across the whole area.  
So they might not be very suitable to be used as tools for micro-EDM. On the other hand, 
multiple electrodes in Brass tools have more dimensional accuracy and uniformity along 
the whole region with almost no burrs and might be better for micro-EDM purposes 
(Figures 3.8 – 3.11). That is why most of the experiments were done with brass tools on 
50µm thick Stainless Steel 304 Grade sheet. For these experiments, both the transistor and 
RC type pulse generators were used and compared. The performance of micro-EDM using 
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these tools with multiple electrodes in terms of surface quality, machining time and tool 











Figure 3.8 (a) Top view of the electrodes on the copper tool shows that the electrodes are 
not uniform in dimension. (b) Top view of the electrodes on the brass tool shows a more 















Figure 3.9 (a) Electrodes on a copper tool show that the electrodes are not straight in many 
places. (b) Electrodes on a brass tool show that the electrodes are quite straight throughout 
















Figure 3.10 Top view (a) and side view (b) of a single copper electrode shows it has 









 Figure 3.11 Top view (a) and side view (b) of a single brass electrode shows it does 
not have burrs and is more uniform.  
(a) (b)
 
3.5 Measuring Equipments Used 
3.5.1 Nomarski Optical Microscope 
A Nomarski optical microscope (Olympus STM-6) (Figure 3.1) was used to measure the 
entrance and exit diameters of the micro-holes obtained by various settings of parameters. 
This unit was used to take pictures of the holes as well. Two magnifications of 100X and 
500X were used. The microscope is connected to a monitor and a digital camera which is 














Figure 3.12 Nomarski optical microscope (Olympus STM-6) 
3.5.2 Scanning Electron Microscope (SEM) and Energy Dispersive X-ray (EDX) 
Machine 
A Scanning Electron Microscope (SEM) (JSM-5500, JEOL Ltd,), as shown in Figure 3.2, 
was used to examine the surfaces of the micro-holes obtained by using the transistor type  
set-up and also the RC setup. The microscope with one electron beam can be operated 
with a resolution of 4 nm. The maximum values of magnification and accelerating voltage 
which can be attained by the microscope, are 50,000X and 30kV, respectively. The probe 
current ranges from 10-12 to 10-6A. An Energy Dispersive X-ray (EDX) machine 


















3.5.3 Keyence VHX Digital Microscope 
Dimensions of the micro-holes were observed under the Keyence VHX Digital 
Microscope (VH-Z450). This device was used extensively to take pictures as well. This 
has two separate attachments with magnifications of 25X-175X and 450X-1000X. This 
has the ability of give 3D surface profile which was utilized. It also has a feature to 
capture the image directly to the computer and offer on-screen measurement. The 25X-
175X lens was extensively used to capture pictures of holes made by the single electrode, 
while the 450X-3000X lens was used to capture pictures of the tools with multiple 
electrodes and the arrays of multiple holes made by those tools. This machine consists of 
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two units – one is a digital photo taker with an optical microscope and the other is a 





















Figure 3.14 Keyence VHX Digital Microscope 
 
  
3.6 Machining Parameters 
For the pulse generator with transistor circuit, machining was performed with various 
combinations of voltage, current, spark on time, spark off time, short, open values to 
investigate the spark gap, machining time, electrode wear and surface quality. For the RC 
circuit, machining was conducted using the different combinations of voltage and 
capacitance. The various combinations of the cutting parameter values available during 




Table 3.5 Available Machining Parameters 
Type of Pulse 
Generator 
Parameter Range 
Voltage Initially fixed at 75Volts and 150 Volts. Later a 
variable transformer was added allowing voltages 
from 70Volts to 150Volts. 
Resistance 4 levels if resistances: 6.8Ω, 15Ω, 33Ω and 100Ω. 
Pulse on Time 
(Ton) 
3 to 150µsecs 
Pulse off Time 
(Toff) 
6 to 300µsecs 




Open 5 to 100 
Voltage up to 100Volts RC Type 
Capacitance 100 to 4700 pF 
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Chapter 4 
Results and Discussions: Tools with Single Electrode 
 
4.1 Introduction 
Different process parameters affect the dimensional accuracy and repeatability of micro-
features obtained by micro-EDM. But because of its stochastic nature, process parameters 
are still at development stage and their effects on performance measures are yet to be 
clarified. One of the main objectives of this work is to make a study of different 
parameters of micro-EDM. In this chapter, the results of the experiments conducted by 
varying the different input machining parameters are analyzed and explained. Most of the 
experiments discussed in this chapter were done using the transistor type pulse generator 
set-up. A guiding attachment was used to reduce the wobbling of the electrode and its 
effect was also studied. Some experiments done on the RC type pulse generator set-up are 
also discussed at the end. As stated in Chapter 3, tungsten electrodes of 300µm diameter 
was used as the tool while Stainless Steel 304 Grade of 300µm thickness was used as 
workpiece. The main machining parameters whose effects have been studied here are: 
 Voltage 
 Current 
 Pulse on Time (Ton) 
 Pulse off Time (Toff) 
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The results obtained from the experiments done to observe the effect of other control 
parameters like short and open are discussed in Appendix B.
 
4.2 Effect of Gap Voltage 
For micro-EDM, voltage is an important machining parameter. That is why it has been 
studied to investigate its effect on spark gap, machining time and tool wear. The voltage 
determines the discharge energy that is available in the spark erosion process of material 
removal. As the voltage increases, more energy is available in the sparking and therefore 
more material is removed during the machining process, At the same time, the high spark 
energy also results in a higher occurrence of molten material that may have other effects 
on the machined surface. The selection of voltage is a compromise between several 
factors, for example, machining time, surface finish etc. For micro-machining the voltage 
should be kept at a minimum to ensure the surface finish to be good, but again the 
machining time may not be satisfactory. In this section, effects of voltage on spark gap, 
machining time and tool wear will be investigated.  In the experiment, voltage range that 
was tested was from around 90 to 125Volts. Table 4.1 shows the other fixed parameters 
for the experiments. 
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4.2.1 Effect on Spark Gap 
In EDM, there is always a gap between the electrode and the part known as the spark gap. 
The smaller the value of the spark gap, the more predictable the processed dimension 
becomes. Different process parameters play important role on the size of this spark gap. 
An inadequate selection of operation conditions may cause higher process times without 
achieving an improvement on the spark gap size. One of these main operating conditions 
is the optimum voltage range. 
 
Figure 4.1 shows the trend of spark gap variation with gap voltage. It is seen that larger 
voltages result in larger holes, hence larger spark gaps. More burrs are observed on the 
surface as well while machining with higher voltage (Figure 4.2) as the high voltage 
allows breakdown of the dielectric to occur at larger gap. Lower values of voltages can 
significantly reduce the spark gap. The spark gap range is from 35µm to 65 µm. It 
happens because with higher voltages, there is more energy for machining. But in the 
following section, it will be seen that at lower voltages the machining time gets to be very 
long due to lower amount of energy in sparks. Considering spark gap and machining time, 
a range from 90V to 120V is found to be optimum.  
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Figure 4.2 (a) Entrance diameter of 458µm with 125V, (b) Entrance diameter of 450µm 
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A common problem in die-sinking micro-EDM is wobbling of the electrodes. Due to 
wobbling, the tool traverses a larger diameter, resulting in higher spark gap. To check its 
effect, a guiding attachment was developed and used. Experiments were carried out with 
changing voltages using the guide attachment at a voltage range from 90V to 140V. 
Figure 4.3 shows that spark gap values are reduced after using the guide attachment and 
they vary from 25µm to 40µm indicating that the guide minimizes the resulting spark gap. 
Here, it is seen that at a range between 90V to 120V, the spark gap is the minimum. 
Figure 4.4 shows micro-holes obtained after using the guide attachment with consistent 






















Fig.4.3 Spark gap vs. voltage graph after using a ceramic guide shows a lower range of 
spark gap 
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(a) 
(d) (f) (e) 
(b) (c) 
Figure 4.4 Entrance holes after using guide attachment by (a) 90V, (b) 100V, (c) 110V, 




4.2.2 Effect on Machining Time 
The effect of machining time with change in voltage is demonstrated in Figure 4.5. As the 
voltage level increases the machining time decreases. This is due to the increase of energy 
available in the spark to accelerate the material removal. But from Figure 4.2 it can be 
observed that at higher voltages, the surface quality is bad and also the spark gap 
increases. Therefore, although, machining time gets reduced at higher voltages, a range 
between 90V to 120V is found to be optimal.  
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Figure 4.5 Machining time vs. voltage graph shows the machining time decreases with 
increase in voltage 
  
Figure 4.6 shows the machining time taken after using the guide attachment. Here as well, 
with the increase in voltage, machining time is found to get reduced. This also shows a 
lower range, specifically at lower voltages. This is probably due to the fact that as the 
electrode was restricted to traverse along a smaller path, the machining region was 
reduced and thus taking lesser time for material removal. But from Figure 4.4, it is found 
that for higher voltages, the surface quality is not good. Considering this, a range between 
90V to 120V found to be optimal. 
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Figure 4.6 Machining time vs. voltage graph after using the guide attachment shows 
machining time decreases with increase in voltage specifically, in the lower voltage range 
 
Machining time, when incorporated with the amount of material removed, gives another 
term called Material Removal Rate (MRR). Although the main purpose of machining time 
and MRR is the same, but these two terms can give different results in micro-EDM. 
Because of the effects of different parameters, even when the machining time is the same, 
due to the amount of material removed, the MRR values can indicate a different trend. The 
amount of material removed depends on the energy intensity in the spark, which is highly 
depended on the machine parameter settings. MRR was studied against different voltage 
settings while keeping other parameters same as Table 4.1. From Figure 4.7, it is seen that 
the MRR increases with voltage and the trend is quite linear.  
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Figure 4.7 Material removal rate against voltage graph shows the material removal rate 
increases with increase in voltage 
 
 
4.2.3 Effect on Tool Wear Ratio 
In micro-EDM, one of the main problems is that the tool also wears off during the 
machining process. This affects the dimensional accuracy of the machined micro-feature. 
Therefore, tool wear is an important consideration when performing micro-EDM. The 
term generally used for this purpose is Tool Wear Ratio (TWR), which is the volume of 
material lost from the tool divided by the volume of material removed from the 
workpiece.  
 
Here, TWR was measured against voltage change to see the effect of voltage on TWR. 
Figure 4.8 shows the trend. Here it is observed that TWR increases quite linearly with the 
increase in voltage. This happens due to the higher amount of available energy with the 
increase in voltage.  
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Figure 4.8 Tool Wear Ratio against voltage shows a linear increase in tool wear with 
increase in voltage 
 
 
4.3 Effect of Current 
Current is also an important parameter as this controls the energy for the machining 
process. It determines the amount of power used in discharge machining measured in units 
of amperage. The maximum amount of current is mainly governed the surface area of the 
cut – the greater the amount of surface area, the more power or amperage that can be 
applied. Generally, higher current is used in roughing operations and in making cavities 
with large surface areas.  
 
In the machine set-up, current was regulated by changing the resistances. There were 4 
settings of resistances (6.8Ω, 15Ω, 33Ω and 100Ω). By changing these resistances, 
different levels of current were obtained. The fixed parameters for these experiments are 
shown in Table 4.2. 
 67
Results and Discussions: Tools with Single Electrode 
















140 30 24 10 10 10 300 Workpiece +ve 
 
4.3.1 Effect on Spark Gap 
In the experiment, current range that was tested was from around 1.5amps to 20amps. 
Figure 4.9 shows the trend of spark gap due to current changes. From this, it is observed 
that with the increase in current, spark gap is also getting increased. While lower current 
reduces the spark gaps due to small energy in sparks, it will be seen in the next section 
that they have very high machining time. So compromising between spark gap and 






















Figure 4.9 Spark gap vs. current shows spark gap increases with increase in current 
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Figure 4.10 Entrance diameters of (a) 470µm with 20.6amps, (b) 460µm with 9amps (c) 
447µm with4.2amps, (d) Entrance diameter of 428µm with 1.5amps 
 
Figure 4.10 shows the some micro-holes obtained by changing current. It can be observed 
that the holes obtained by using higher current has a lot of burrs on the surface while the 
ones using low current has smooth surfaces. This happens possibly due to the fact that 
with a higher current, because of higher energy intensity, more material gets removed 
which do not get enough time with the existing flushing pressure to be removed from the 
machining zone and as a result, resolidifies around the surface. 
 
Similar experiments were conducted using the guide attachment. Figure 4.11 shows the 
trend of spark gap change with different values of current after using the guide. Similar to 
the previous results, spark gap is found to be increasing with an increase in the current. 
But here, it shows that the range of spark gap is reduced. After using the guide attachment, 
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spark gap values vary from 30µm to 50µm, whereas without the guide, the range was from 



















Figure 4.11 Spark gap vs. current after using the guide attachment shows spark gap 
increases with increase in current 
 
Figure 4.12 shows the entrance sides of the holes obtained after using the guide 
attachment. It is observed that the lowest spark gap was found at a low current of around 
1.5amps with an almost burr-free surface, whereas, at higher current values, similar to 
those in Figure 4.10, the surface obtained has lots of burrs around it.  But in the following 
section, it will be observed that the machining time for achieving a burr-free surface is 
very high and which might not be good for industrial purposes. So an optimum range of 





























Figure 4.12 Entrance holes after using guide attachment by (a) 20.6amps, (b) 9amps (c) 
4.2amps, (d) 1.5amps show more consistent in dimension with change in surface quality 
 
 
4.3.2 Effect on Machining Time 
The effect of machining time with change in current is shown in Figure 4.13. It can be 
observed that as the current level increase the machining time decreases. This is most 
likely due to the increase of power available in the spark to accelerate the material 
removal. But from Figures 4.10 and 4.12 it can be observed that at higher current ranges, 
the surface quality is bad and also the spark gap increases. Therefore, although, machining 
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time gets reduced at lower current conditions, a range between 4amps to 10amps is 
optimal.  
0:00:00
























Figure 4.13 Machining time vs. current shows time reduces with increase in current 
 
Figure 4.14 shows the machining time taken after using the guide attachment. Here as 
well, with the increase in current, machining time is found to get reduced. This also shows 
a lower range of values from that obtained without the guide set-up. This is probably due 
to the fact that as the electrode was restricted to traverse along a smaller path, the 
machining region was reduced and thus taking lesser time for material removal. But from 
Figures 4.10 and 4.12, it is found that for higher values of current (with low resistance), 
the surface quality is not good. This has to be considered and an optimum range has to be 
found. By considering this, a range between 4amps to 10amps is observed to be optimal.  
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Figure 4.14 Machining time vs. current graph after using the guide attachment shows 
machining time decreases with increase in current with a reduction to the whole range 
 
In terms of MRR, Figure 4.15 shows that MRR increases with the increase in current as 
higher current means more energy intensity which in turn means faster machining rate. 
MRR was studied against different current settings by changing the resistances while 































Figure 4.15 Material removal rate against current graph shows the material removal rate 
increases with increase in voltage 
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4.3.3 Effect on Tool Wear 
Here, TWR was measured against current change to see the effect of current on TWR. 
Figure 4.16 shows the trend. Here it is observed that TWR increases quite linearly with 
the increase in current. This is happens due to the higher amount of available energy 




















Figure 4.16 Tool Wear Ratio against current shows a linear increase in tool wear with 
increase in current 
 
From Figures 4.8 and 4.16, it can be further observed that the range of TWR is smaller 
here than that obtained in the experiments with different voltages. This suggests that the 
effect of voltage on tool wear is more prominent than that of current. 
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4.4 Effect of Pulse on Time 
Pulse on time (Ton) is the ‘work’ part of the spark cycle. Current flows and work is done 
only during this time (measured in µs here). The EDM machine creates spark discharge by 
using a pulse generator and the frequency of the spark discharges is dependent on this 
pulse on time and pulse off time. So the effect of this on spark gap, machining time and 
tool wear is important.  
 
At first, experiments were done in a lower range of pulse on time (from 3 to 30µsec). 
Then experiments were done at a higher range of Ton values (from 30 to 150µsec). Table 
4.3 shows the values of the other fixed parameters for those experiments. 
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After observing that the guide set-up reduced the spark gap in the previous experiments, 
from here onwards, all the other experiments were done using the guide attachment.  
 
4.4.1 Effect on Spark Gap 
The results obtained from the experiments done to learn the effect on spark gap is 
illustrated in Figure 4.17. It is found that the spark gap increases with the increase in pulse 
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on time. When the pulse on time is low, the discharge energy on the surface is low, which 
creates shallow craters. As a result, the gap width is lower at lower value of pulse on time. 
But the change observed during the experiments is not very significant as the values in the 
range are quite near each other. This is possibly due to the use of the guide which has 
restricted the traversing path of the electrode to somewhat. The range is from 30µm to 






















Figure 4.17 Spark gap vs. pulse on time graph shows spark gap does not change 
significantly   
 
Figure 4.18 shows the micro-holes from the entrance side obtained in these experiments. 
The dimensions are similar which means low variation in the spark gap with the increase 
in Ton. The surface profiles obtained are also similar. All of them have similar kind of 
debris along the surface. This suggests, surface quality is more dependent on voltage and 
current than on pulse on time. Nonetheless, from this above set of experiments, it is 
observed that lower pulse on time is good with respect to spark gap.  
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Figure 4.18 Entrance holes with Ton values of (a) 3µsec, (b) 6µsec, (c) 12µsec, (d) 18µsec, 
(e) 24µsec, (f) 30µsec show similar dimensions and surface profiles 
 
Though from these set of experiments, it is suggestive that lower pulse on time is better, 
yet, to check whether the spark gap and the surface profiles change at a higher range of 
pulse on time, another set of experiments were done. Another reason for this was to see 
the effect of the whole range of pulse on time available in the machine set-up. The range 
of Ton selected for this experiment was from 30µsec to 150µsec (as this is the highest 
available limit).  Figure 4.19 shows that the spark gap increases with the increase in pulse 
on time as expected. However, the range here is larger. As pulse on time signifies the 
actual ‘work’ part of the spark cycle, this suggests that when the pulse on time is high, the 
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time for current flow to the surface is longer, which creates larger craters. As a result, the 



















Figure 4.19 Spark gap vs. pulse on time graph at a higher Ton range shows a larger range 
 
 
4.4.2 Effect on Machining Time 
Generally, higher pulse on time means more machining energy and it is expected that 
increasing pulse on time will have faster machining time. Figure 4.20 shows that it takes 
lesser time to machine while using a higher pulse on time. This is consistent with the fact 
that pulse on time is the time when actual machining takes place in micro-EDM. 
Machining time was found to be lowest at pulse on time of 30µsec.  
 
In the next set of experiments, a range of higher pulse on times was selected (from 30 to 
150µsec) to observe the effect of the whole range available in the machine set-up. The 
results are graphically represented in Figure 4.21. This also shows a decrease in 
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machining time with the increase in pulse on time. Time taken is much lesser in this range 
























Figure 4.20 Machining time vs. pulse on time graph shows it takes less time with higher 
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4.4.3 Effect on Tool Wear 
The guide attachment used in these experiments used a different circuitry which did not 
allow the noting of exact reference points. This made the measurement of the actual length 
of tool that wore off after each successive hole not possible. Hence, tool wear rate 
calculation by using the volume of material removed was not possible. But as it is known, 
due to the wear of the tool, the diameter of the hole on the top surface is different from 
that at the bottom. This value of this taper might shed some light on the tool wear that was 
incident during the respective machining. An attempt has been made here to observe the 
effect of pulse on time on the value of taper here. Figure 4.22 shows the trend of this. It 
can be observed that the taper increases with higher pulse on time. This suggests that with 
larger time in actual machining, tool wears off more, giving a larger discrepancy in the 















Figure 4.22 Taper against pulse on time for a range of lower pulse on time 
Similar observations were made at a higher range of pulse on time which is graphically 
shown in Figure 4.23. Here, a similar pattern can be observed. The range of taper values is 
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observed to be lower here. This suggests that tool wear is lower in higher pulse on time 
values. The reason behind this might be the fact that as machining time is lower at higher 
pulse on time, the tool is getting exposed to the discharge energy for a lesser period of 














Figure 4.23 Taper against pulse on time for a higher range of pulse on time 
 
4.5 Effect of Pulse off Time 
The pulse off time is attributed to the fact that it facilitates the recovery of the dielectric 
after each pulse on time. This allows time for the debris to be removed by the flowing 
dielectric fluid and helps to stabilize the micro-EDM conditions. So the effect of this on 
spark gap, machining time and tool wear is also important.  
 
Here as well, at first, experiments were done in a lower range of pulse off time (from 6 to 
60µsec). Then experiments were done at a higher range of Toff values (from 60 to 
600µsec). Table 4.4 shows the values of the other fixed parameters for those experiments. 
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4.5.1 Effect on Spark Gap 
Pulse off time was changed from 6µsec to 60µsec keeping other parameters constant. It 
was found that the spark gap has a decreasing pattern with the increase in pulse off time, 
though the change is not very significant. The range is of spark gap is from 35µm to 























Figure 4.24 Spark gap vs. pulse off time   graph shows spark gap does not vary 
significantly with Toff
 
More experiments at a higher range of pulse off times (from 60 to 600µsec) are 
graphically represented in Figure 4.25. The results obtained here show a similar pattern 
with similar values. From these, it is suggestive, that the change in pulse of time does not 
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have great influence in the spark gap for a particular set of other parameters. There was 
not much change in the surface quality of the machined holes as well. More experiments 
with different sets of combination of pulse on and pulse off time were also performed 
























Figure 4.25 Spark gap vs. pulse off time graph at a higher Toff range shows a similar range 
 
 
4.5.2 Effect on Machining Time 
As pulse off time is the time in between sparks, it reflects the idea that the longer the pulse 
off time is, the lesser is the actual machining time in a cycle. Thus, this should result in 
longer machining time. The first set of results in a lower range of pulse off time values 
show a similar pattern, with an increase in machining time with pulse off time. This is 
shown in Figure 4.26. But the results show that the machining time, though increasing, 
does not change very significantly due to an increase in pulse off time. Machining time 
was found to be in a lowest range of 10 to 25µsec. 
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Figure 4.26 Machining time vs. pulse off time  graph shows machining times does not 
change very significantly with Toff
 
To have a more general idea about the whole range of the machine set-up, the effect of 
pulse off time for a higher range (from 60 to 600µsec) was investigated which is presented 
in Figure 4.27. This also shows an increasing pattern and the values obtained are similar to 
those obtained at the lower range, suggesting a not very significant influence of pulse off 
























Figure 4.27 Machining time vs. pulse off time graph shows a similar range 
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4.5.2 Effect on Tool Wear 
Similar to the way of investigation for tool wear due to pulse on time, an attempt has been 
made here to observe the effect of pulse off time on the value of taper here. Figure 4.28 
shows the trend of this. It can be observed that taper increases with higher pulse off time 
but the change is not very significant. The tool wear seems to be minimum at a lower 
range of pulse off time and. Tool wear is low in low pulse off time perhaps due to the 
faster machining rate at this condition, which makes the tool to be exposed to the 
discharge energy for a lesser over all period. But this also depends on the duration of the 















Figure 4.28 Taper against pulse off time for a range of lower pulse off time 
Similar observations made at a higher range of pulse off time which is graphically shown 
in Figure 4.29 show almost constant range of taper, suggesting not a very significant 
influence of pulse off time on tool wear.   
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Figure 4.29 Taper against pulse off time for a range of higher pulse off time 
 
4.6. Combined Effect of Pulse on Time and Pulse off Time 
Experiments were performed to investigate the combined effect of pulse on time and pulse 
off time on the process parameters. Table 4.5 shows all the parameter settings for these 
experiments. 
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Figure 4.30 shows how the spark gap changes with the change in pulse off time for 
different values of pulse on time. Here, it is observed that at a lower range of pulse off 
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time, spark gap is getting reduced when pulse on time is in a lower range as well. This 
means lower pulse off time and lower pulse on time produce smaller spark gap. For pulse 
on time values of 3 to 30µsec and pulse off values of 6 to 60µsec, it is observed that the 
spark gap is in the range of around 20 to 35µm for these set of data. Lower pulse on time 
(3 to 6µsec) gives smaller spark gaps. Lowest spark gap was found when pulse on time 
was 3 µsec and pulse off time was 60µsec.  
 
Overall, all the curves show random a behaviour, but considering their values, for each 
case, it can be observed that the spark gap for a particular pulse on time does not change 
significantly with pulse off time. This verifies the previous results pointing to a not 
significant effect of pulse on time on spark gap. 
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Figure 4.30 Spark gap against pulse off time for different values of pulse on time 
 
Figure 4.31 shows how the machining time changes with the change in pulse off time for 
different values of pulse on time. Here it is observed that the machining time is reduced 
for higher values of pulse on time. This is consistent with the fact that pulse on time is the 
actual time when machining takes place in micro-EDM. It is also observed that a 
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combination of lower pulse off time and greater pulse on time produce faster machining 
time. It is also observed that the over all machining time for different values of pulse on 
time and pulse off time varies from about 20 minutes to 35 minutes.    
 
Here as well, all the curves show a random behaviour, but considering their values, it can 
be observed that the change of machining time for pulse off time for a particular pulse on 
time is within a limited range. This verifies the previous finding of the not significant 


































Figure 4.31 Machining time against pulse off time for different values of pulse on time 
 
Figure 4.32 shows the change in taper with the change in pulse off time for various values 
of pulse on times. Here, all the other curves show a similar but random pattern. The tool 
wear seems to be random in manner throughout the whole range. But again, for a 
particular pulse on time, their values do not vary in a large range. A combination of lower 
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pulse on times (3 to 12µsec) with a pulse off time from 20 to 30µsec seems to result in the 






















Figure 4.32 Taper against pulse off time for different values of pulse on time 
 
4.7 Experiments using the RC type Pulse Generator Set-up 
During the latter part of this whole study on micro-EDM parameters, the pulse generator 
of the machine set-up at the laboratory was switched from transistor type to an RC type 
pulse generator, as RC pulse generators give hope for more promising results. Due to a 
lower value of energy per pulse that can be achieved by using an RC type pulse generator, 
it gives possibilities of a far better surface quality with better machining time as well. An 
attempt has been made here to get an idea of about the machining parameters of the RC 
set-up. But this study just gives sneak preview of the process. More experiments are 
needed to get the full picture of the whole phenomena.  
The RC set-up has fewer machining parameters than the transistor type pulse generator. 
Here, the major parameters are voltage, capacitance and resistance. In the current set-up, 
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the resistance is fixed at 1kΩ. Therefore, a few experiments were performed here to have a 
basic idea of how voltage and capacitance is affecting the spark gap, machining time and 
tool wear ratio. Another purpose is to make a comparison between the two types of pulse 
generators. The guide attachment was not used during these experiments.  
 
4.7.1 Effect of Capacitance 
Here, a few experiments were done to observe the effect of capacitance change on spark 
gap, machining time and tool wear ratio. While performing these experiments, voltage was 
fixed at 100V. Capacitance values were changed from 100 to 4700pF. Figure 4.33 shows 
the trend in spark gap change due to the change in capacitance values. It can be observed 
that spark gap is quite consistent here in the RC set-up with the change in capacitance. The 
minimum was obtained at 220pF. The whole range varies from 22µm to 27µm which is 



















Figure 4.33 Spark gap against capacitance graph shows consistent results 
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Figure 4.34 shows the top or entrance side of the holes obtained during these experiments. 
It is observed that all the holes have similar dimensions, making the spark gap consistent. 
The surface quality obtained here is almost free of debris or burr. With the increase in 
capacitance, the surface quality remains consistently burr-free which is significant as this 
is rare with any parameter in the transistor set-up. A comparison between the surface 
qualities obtained by using the transistor type and RC type is discussed later in the course 













Figure 4.34 Entrance holes by capacitance values of (a) 4700pF, (b) 2200pF, (c) 470pF, 
(d) 220pF and (e) 100pF show almost identical dimensions and surface profiles 
 
 
The trend of machining time change with the change in capacitors is shown in Figure 
4.35. It can be seen that in a lower range of capacitance (from 100pF to 470pF), the 
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machining time required is quite high. Whereas, for a higher range between 2200pF to 
4700pF, the machining time required is very small. This is consistent with the fact that 
higher capacitance means a larger stored energy which should result in more machining 
per cycle. Based on these two observations, it can be concluded that using a higher 
capacitance is better, as it reduces machining time significantly while not resulting any 


























Figure 4.35 Machining time against capacitance graph shows a decreasing trend with the 
increase in capacitance 
 
The trend of tool wear ratio with change in capacitance is shown in Figure 4.36. It is 
observed that while, higher capacitance is better for machining time, it is not so when it 
comes to tool wear. Tool wear is increasing significantly with the increase in capacitance. 
This is also consistent to the understanding that at a higher capacitance as more energy is 
available, tool wear might be also high. Here, it can be observed that the range of tool 
wear ratios is higher than in transistor type set-up.  
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Figure 4.36 Tool wear ratio against capacitance graph shows an increase in tool wear with 
capacitance 
 
4.7.2 Effect of Voltage  
Experiments were done to observe the effect of voltage change on spark gap, machining 
time and tool wear ratio here. While performing these experiments, capacitance was fixed 
at 4700pF. A limitation of this set-up is the voltage range cannot go beyond 100V 
currently. So the voltage tested here was from 70 to 100V. Figure 4.37 shows the trend in 
spark gap change due to the change in voltage values. It can be observed that spark gap is 
quite consistent here in the RC set-up with the change in voltage. This means that the 
holes obtained by using this set-up have quite consistent dimensions irrespective of the 
capacitance and the voltage change. The minimum spark gap was obtained at 70V. The 
whole range varies from 25µm to 27µm which is lesser than that obtained by the transistor 
type pulse generator.  
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Figure 4.38 Entrance holes by voltage values of (a) 70V, (b) 80V, (c) 90V, (d) 100V show 
almost identical dimensions and surface profiles 
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Figure 4.38 shows the top or entrance side of the holes obtained during these experiments. 
It is observed that all the holes have similar dimensions, making the spark gap consistent. 
The surface quality obtained here is almost free of debris or burr. With the increase in 
voltage, the surface quality remains consistently burr-free which is significant also for the 





























Figure 4.39 Machining time against voltage graph shows an almost linear decreasing trend 
with the increase in voltage 
 
The trend of machining time change with the change in voltage is shown in Figure 4.39. 
As observed with the transistor set-up from Figure 4.5, here as well, the machining time is 
reducing quite linearly with the increase in voltage. This is consistent with the fact that 
higher voltage results in larger machining energy which reduces the overall machining 
time. As these experiments were done at a very high capacitance, the whole range of 
machining time obtained here is observed to be in much lower. Based on these two 
observations, it can be concluded that using a higher voltage is better, as it reduces 
machining time significantly while not resulting any significant change in the surface 
profile and spark gap.  
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Figure 4.40 Tool wear ratio against voltage graph shows an increase in tool wear with 
voltage 
 
The trend of tool wear ratio with the change in voltage is shown in Figure 4.40. It is 
observed that while higher voltage is better for machining time, it is not so when it comes 
to tool wear. Tool wear is increasing significantly with the increase in voltage. This is also 
consistent to the understanding that at a higher voltage as more energy for machining is 
available, high tool wear might result. Here also, it can be observed that the range of tool 
wear ratios is higher than in transistor type set-up. This suggests the tool wear is higher 
using the RC type pulse generator than the transistor type. More experiments are needed 
to be done to get a better idea these effects.  
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4.8 Comparison of Surface Quality of Micro-holes Obtained by 
Transistor and RC type Pulse Generators 
In this section, a comparison has been made between the surface qualities obtained by 
using the transistor type and the RC type pulse generators by images of the micro-holes 
obtained by the Keyence VHX Digital Microscope and Scanning Electron Microscope 
(SEM).  
 
Figures 4.41(a) and 4.41(b) shows images of two typical micro-holes obtained by 
transistor type and RC type pulse generators respectively. It is observed that the micro-
holes obtained by the transistor type possess significant amount of debris around the 
surface, which deteriorates its surface quality and circularity. On the other hand, holes 
made by the RC type set-up have almost burr-free surfaces, giving them higher surface 
quality and improving their circularity as well.   
 
(a) (b) 
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An interesting observation during machining with the RC set-up was the debris was 
visibly seen to be removing from the machining zone with the dielectric fluid. This was 
not visible during experiments with the pulse generator set-up. This might be the reason 
behind burr-free surfaces in RC set-up and the surface surrounded by debris in found in 
most of the holes using transistor type set-up. In RC, as the energy per pulse is smaller, 
smaller craters are generated which means smaller amount of material is removed per 
cycle. Thus, this debris is easier for the low pressured dielectric to wash away from the 
machining zone with its flow. On the other hand, in transistor type set-up, the energy per 
pulse is larger resulting in larger craters, which means larger amount of material is 
removed per cycle. The dielectric flow pressure in the machine might not be enough to 
wash it away from the machining zone in the short available time. This makes the debris 
to re-solidify around the surface, resulting in bad surface profile. This is possibly why the 
debris is visibly seen to be washed away with the dielectric flow in RC, while not seen in 
transistor set-up.  
 
Figures 4.42 and 4.43 respectively shows SEM images of the entrance and exit sides of 
micro-holes obtained by using transistor and RC type generators. From Figure 4.42(a), it 
can be observed that micro-hole generated by the transistor circuit has burrs on the surface 
which has resulted in bad surface quality and circularity. But this does not shows too 
much of taper. On the hand, Figure 4.42(b) shows that the micro-hole generated by RC 
circuit has almost no debris around the surface, giving it a good surface quality and 
circularity. But seen from this top, it can be seen that it has more taper than that in Figure 
4.42(a). This suggests that tool wear during the machining process is higher than in 
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transistor set-up, which verifies the previous findings. From Figures 4.43(a) and 4.43(b), it 
can be further observed that the exit diameter is larger in the transistor set-up than in the 
RC set-up, suggesting the higher rate of tool wear in the RC type pulse generator. The 
profile of the taper shows the micro-hole surface to be smoother in the RC set-up. 
(a) (b) 
Figure 4.42 SEM images of the exit side of a typical hole obtained by using (a) transistor 




Figure 4.43 SEM images of the entrance side of a typical hole obtained by using (a) 
transistor type pulse generator and (b) RC type pulse generator 
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4.9 EDX Analysis 
Two micro-holes, one made by using the transistor type pulse generator set-up and another 
using the RC type set-up, were observed under EDX of Energy Dispersive X-ray analysis 
system. EDX technique is used for identifying the elemental composition of the specimen, 
or an area of interest. The EDX analysis system is an integrated feature of the Scanning 
Electron Microscope (SEM).  The output of an EDX analysis is an EDX spectrum. The 
EDX spectrum is a plot of how frequently an X-ray is received for each energy level. An 
EDX spectrum normally displays peaks corresponding to the energy levels for which the 
most X-rays had been received. Each of these peaks is unique to an atom, and therefore 
corresponds to a single element. The higher the peak in a spectrum, the more concentrated 




















Figure 4.44 EDX analysis of a hole machined by using transistor type pulse generator
 100




















Figure 4.45 EDX analysis of a hole machined by using RC type pulse generator 
 
Figures 4.44 and 4.45 show EDX analysis of two holes obtained by respectively 
machining with transistor type pulse generator and RC type pulse generator. It was 
observed that the surfaces around the both the holes contained traces of tungsten. This 
means that when the molten debris re-solidified around the surface of the micro-holes, 
traces of the tool material (tungsten) also solidified with it. The surface around the hole 
obtained by transistor type was found to contain more tungsten (about 4.65% of the total 
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Chapter 5 
Results and Discussions: Tools with Multiple Electrodes 
 
5.1 Introduction 
As mentioned before in Chapter 3, tools with multiple electrodes of different materials 
were fabricated by micro-milling using Mori Seiki’s NV5000 high precision vertical 
machining center for drilling an array of holes by micro-EDM. This chapter reports 
extensive experimental results obtained from the study done by the brass tool. The 
feasibility of the tools made by micro-milling as a tool for micro-EDM was investigated 
here based on surface quality, tool wear, machining time and hole profiles and dimension. 
A comprehensive discussion on the results is also incorporated. As two different types of 
pulse generators (transistor type and RC type) were used during the experiments, a 
comparison between results obtained between the two has also been highlighted here. 
 
5. 2 Machining Parameters 
The effect of process parameters on EDM performance is largely material depended. The 
optimum parameters obtained using the single tungsten electrodes might not be same for 
using brass electrode. But due to lack of sufficient data for brass for this particular 
machine set-up, similar parameters to that obtained in the previous results for tungsten 
electrodes have been used in the following experiments by the brass tools with multiple 
electrodes. Stainless Steel 304 Grade of 50µm was used as the workpiece. Table 5.1 
 102
Results and Discussions: Tools with Multiple Electrodes 
 
shows the parameters used for experiments with multiple electrodes using both transistor 
and RC type pulse generators at a glance. 
 
Table 5.1 Machining Parameters for Experiments with Tools with Multiple Electrodes 
Pulse Generator Type Parameter Value 
Voltage (Volts) 100 
Resistance (Ohms) 15, 33 
Pulse on Time, Ton (µsec) 6 
Pulse off Time, Toff (µsec) 24 
Short 10 
Open 10 





EDM Speed (µm/sec) 10 
Voltage (Volts) 100 
Resistance (Ohms) 1000 
Capacitance (pF) 4700 
 
RC Type 
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5. 3 Machining Performance  
In this section, for all tested tools with different numbers of electrodes, the experimental 
results on machining performance in terms of surface quality, tool wear, hole dimension 
and machining time are discussed. Though the main objective of these experiments is to 
verify the feasibility of using the tools with multiple electrodes and observe the different 
effects of different conditions, tools with single electrode are also made and used to 
perform several of the same experiments to make a comparison which will eventually give 
a clearer picture of the whole phenomena. This gives a better idea specifically to 
understand the tool wear and hole shape and dimension with respect to the tool profile as 
with multiple electrodes, the same observation is difficult. It is to be noted that for each 
tool, the investigation on these output parameters were made by using both the transistor 
and RC pulse generators.  
 
5.3.1 Surface Quality 
Intense heat is generated that causes local melting or even evaporation of the workpiece 
material during each electrical discharge. With each discharge, a crater is formed on the 
workpiece. Most of the molten material produced by the discharge is carried away by the 
dielectric circulation while the remaining part often resolidifies to form an undulating 
terrain along the machined surface. The amount of debris or burr around the surface 
determines the surface quality of the holes obtained by micro-EDM. So observation of 
machined holes by EDM is important with respect to the surface quality. Due to the nature 
of the micro-holes, the surface quality is observed by visual inspection using optical 
microscopes and SEM.  
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5.3.1.1 Experiments by Tools with Single Electrode 
As mentioned before, tools with single electrode having the same dimensions as the 
electrodes on the tools with multiple electrodes were fabricated by micro-milling. These 
were used to machine holes on stainless steel of 50µm thickness.  
 
To observe the surface quality of holes obtained by using the transistor type pulse 
generator, two settings were used in the experiments. While keeping all the parameters 
fixed as in Table 5.1, two settings of resistances (15Ω and 33Ω) were used, the former 
generating a higher energy while the latter generating a lower energy per spark. Figure 5.1 
shows the SEM picture of the hole obtained by using the transistor type pulse generator 
with a higher energy setting (by using 15Ω). It shows a lot of debris or burr deposition 
around the surface of the hole. Figure 5.2 shows the SEM picture of the hole obtained by 
using a lower energy setting with a higher resistance of 33Ω. This also shows that the hole 
has a lot of burrs on the surface. However, this hole has lesser debris than the previous one 
obtained by using a higher energy level. 
 
To observe the surface quality of holes obtained by using the RC type pulse generator, the 
setting mentioned in Table 5.1 were used. Figure 5.3 shows the SEM picture of the hole 
obtained by using RC type pulse generator. This shows that the hole has very little to 
almost no burrs on the surface, resulting in a much better surface.  
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Figure 5.1 SEM picture of a square hole obtained by using transistor type pulse generator 











Figure 5.2 SEM picture of a square hole obtained by using transistor type pulse generator 












Figure 5.3 SEM picture of a square hole obtained by RC type pulse generator set-up 
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5.3.1.2 Experiments by Tools with Multiple Electrodes 
Experiments were done by tools with multiple electrodes having 37, 61 and 121 
electrodes. As with the single electrode, experiments were done with both transistor type 
pulse generator and RC type pulse generator using the parameters stated in Table 5.1.  
 
The results obtained with different electrode numbers showed similar surface qualities, 
both for transistor type and RC type pulse generators, as those obtained with using a single 
electrode. During machining with the RC pulse generator, it was observed that the debris 
is visibly seen to be flushed away with the dielectric flow from the machining area. This 
does not occur during machining with the transistor set-up. Figure 5.4 illustrates typical 
examples of all the different types of surfaces obtained during these experiments with 
tools with multiple electrodes of different electrode numbers. It can be seen that in the 
hole obtained by transistor set-up, there are a lot of debris or slag deposition around the 
surface. Similar to the results obtained previously with the single electrode, holes obtained 
by higher energy (with 15Ω) show higher burr than with a lower energy (with 33Ω). It 
implies that the molten material from the workpiece do not flush away and resolidifies 
around the machined surface. On the other hand, holes obtained by using RC type pulse 
generator shows, a little or almost no debris deposition around the surface of the machined 
region, giving them much better surface qualities. This implies that the molten material 
from the workpiece is flushed away from the machined surface before they could re-
solidify around the surface. 
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                      Using Pulse Generator Set-up                                Using RC Set-up

























(c) By tool with121electrodes 
 
Figure 5.4 SEM pictures of square holes obtained by using pulse generator set-up (15Ω 
and 33Ω) and RC set-up by using brass tools with (a) 37 electrodes, (b) 61 electrodes and 
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5.3.2 Electrode Wear 
During the EDM process, the spark erosion results not only in material removal from the 
workpiece, but also from the tool electrode. As the machining progresses, the tool tip gets 
worn off as well. Here, a visual observation is made with the help of Keyence VHX 
Digital Microscope to see how the electrodes appeared before and after machining. The 
tool wear was observed by calculating the length of tool before and after machining, to get 
an idea of how much tool is wearing off. As tools with square profiles are used here in the 
experiments, an observation is made to see the profile it takes after machining. 
Observations were made both for the transistor and RC type pulse generators.  
 
5.3.2.1 Before Machining 
Figure 5.5 shows an electrode from the tool with 37 electrodes before machining. Here, 
each electrode has an initial dimension of around 100µm×100µm×950µm. The electrodes 
have uniform profiles. Each electrode has sharp edges and straight surfaces on all sides. 


















Figure 5.5 A brass tool with 37 uniform micro-electrodes shows each electrode to have 
sharper edges and straight surfaces before machining 
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5.3.2.2 After Machining 
Figure 5.6 shows an electrode after machining by using transistor type pulse generator 
circuit. Here, in each electrode has been worn off on an average 35µm from its initial 
length. Different energy levels give similar values. Figure 5.7(b) gives a more magnified 
view of a single electrode after machining with the transistor type pulse generator. 
 













Figure 5.6 A brass tool with 37 micro-electrode shows each electrode to have worn off 
and blunt edges after machining 
 
Figure 5.7(c) shows a single electrode from a tool with 37 electrodes after machining with 
the RC type pulse generator set-up. In this experiment, it was observed that the average 
worn off length of tools is about 25µm. From Figure 5.8, it can be further observed that 
using the transistor type pulse generator set-up the tool wear phenomenon results in an 
elliptical profile while the RC set-up generates a circular or round profile at the tips of 
each micro-electrode. The elliptical profile suggests tool wear is larger at the corners in 
the transistor set-up. The length reduction has an average value of about 35µm using 
different conditions in the transistor type pulse generator set-up and about 25µm using the 
RC set-up. Therefore, the effected zone is larger in pulse generator set-up which means 
the RC set-up reduces tool wear. 
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Figure 5.7 (a) A single electrode from a tool with 37 electrodes before machining showing straight 
profile. (b) A single electrode from a tool with 37 electrodes after machining with transistor type 
pulse generator set-up showing worn off and elliptical profile (c) A single electrode from a tool 
with 37 electrodes  after machining with RC type pulse generator set-up showing worn off and 
rounded profile 
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5.3.3 Machining Time 
One of the main objectives of the experiments with tools with multiple electrodes was to 
observe the effect on machining time. EDM is known to be a very time consuming 
process. To obtain a lot of individual structures by the conventional micro-EDM, each 
structure must be machined sequentially by using a single electrode. Such a serial 
machining requires very long machining times and is not very suitable for industrial 
purposes. Individual tool preparation also takes up a lot of time. To convert the micro-
EDM from serial to parallel, it is necessary to obtain a group of electrodes for machining 
required multiple structures. 
 
As mentioned in Chapter 3, during the course of this study, multiple tools were made by 
micro-milling. By using a tool with multiple electrodes, the machining time can be 
significantly reduced. To observe how significantly the machining time varies with the 
increase in the array of holes, tools with different numbers of electrodes were fabricated. 
Experiments were done by tools with 37, 61 and 121 electrodes, to get an estimation of 
how the machining time varies with almost doubling the electrode numbers, which in turn 
gives an array of double number of holes. Tools with a single electrode were also 
fabricated to understand how much machining time is reduced or increased by opting for 
making multiple holes in one shot instead of making single hole individually to get an 
array. Experiments were done using these tools by using both transistor type and RC type 
pulse generator set-ups. Time taken to produce a tool with a single electrode was about 38 
minutes while it took from 2 – 3 hours for making the tools with 37, 61 and 121 number of 
electrodes by micro-milling. 
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5.3.3.1 Experiments with Transistor type set-up  
For experiments using the transistor type pulse generator, machining was done in two 
energy levels by setting the resistance to 15Ω and 33Ω.  Table 5.2 shows the machining 
times taken to machine holes by using tools with different numbers of electrodes in the 
transistor type set-up. A graphical representation of these values is shown in Figure 5.8. 
From Figure 5.8, it is observed that at a higher level of energy (for 37 – 61 electrodes), it 
takes less than double the time to make double number of holes. At a lower level of 
energy (for 37 – 61 electrodes), it takes a bit more than double the time to make double 
number of holes. As the electrode numbers are progressing from 61 to 121, it is observed 
that machining time is less than double for almost a double increase in the electrode 
numbers.  
 
Table 5.2 Average machining times for different number of electrodes in transistor type 
set-up 
Energy Level No. of 
Electrodes 












Lower (Resistance = 33Ω) 
121 02:45:00 
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Figure 5.8 Graph of machining times for different number of electrodes using two different levels 
of energy in the transistor type set-up 
 
From Table 5.2 and Figure 5.8, it can also be seen that for the setting with 15Ω, an array 
of 37 holes takes around 14 minutes which is around 4x less than that required for serial 
machining by a single electrode while an array of 61 holes takes around 21 minutes, which 
is around 5x less and an array of 121 holes takes around 34 minutes, which is around 5x 
less than that required for serial machining by a single electrode. For the setting with 33Ω, 
an array of 37 holes takes around 31 minutes which is around 4x less than that required for 
serial machining by a single electrode while an array of 61 holes takes around 1 hour and 
17 minutes, which is around 3x less and an array of 121 holes takes around 2 and hours 45 
minutes, which is around 3x less than that required for serial machining by a single 
electrode. By comparing the combined time for making a tool with a single electrode and 
the machining time to make a single hole with that tool, it is observed that the combined 
time to make multiple holes in one shot is much lesser. This means, machining time is 
getting much reduced when tools with multiple electrodes are used. 
 
 114
Results and Discussions: Tools with Multiple Electrodes 
 
5.3.3.2 Experiments with RC type set-up  
Experiments using the RC type pulse generator set-up were done using the setting stated 
in table 5.1. Table 5.3 shows the machining times taken to machine holes by using tools 
with different numbers of electrodes in the RC type set-up. A graphical representation of 
these values is shown in Figure 5.9.  
 
Table 5.3 Machining times for different number of electrodes using RC set-up 
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From Table 5.3 and Figure 5.9, it can also be seen that by using the RC type pulse 
generator, an array of 37 holes takes around 14 minutes which is around 5x less than that 
required for serial machining by a single electrode while an array of 61 holes takes around 
20 minutes, which is around 6x less and an array of 121 holes takes around 24 minutes, 
which is around 10x less than that required for serial machining by a single electrode. 
Here, it can be seen that as the number of holes in an array increases, the magnitude of 
reduction in machining time also increases. In the transistor set-up, this is not so. Figure 
5.10 shows the magnitude of reduction in machining time by using different settings in the 


















































Figure 5.10 Graph of magnitude of reduction in machining time for different number of 
electrodes using two different settings (15Ω and 33Ω) of the transistor type pulse generator set-up 
and RC type pulse generator set-up 
 
From the aforementioned data, it can be observed that the times taken to machine in the 
transistor set-up using a lower resistance are similar to those in the RC set-up. The 
machining times when using a higher resistance are quite high. Based on these Figures 
and Figure 5.4, it can be concluded that the machining time in the RC set-up is much 
favourable, as they are far superior in the surface quality.  
Results and Discussions: Tools with Multiple Electrodes 
 
5.3.4 Micro-hole Profiles and Dimensions 
Tools with multiple electrodes fabricated for this study were made by micro-milling and 
thus were presumed to have sharp corners. But upon inspection under the microscope, it 
was observed that all of the electrodes along the array did not have very sharp corners. 
Many of them had edges that are slightly rounded. Therefore, arrays of holes obtained 
after machining by EDM with these tools show rounded corners. This was observed on the 
basis of the holes obtained by using the RC set-up, as the holes obtained by the transistor 
set-up gave too irregular profiles along the sides of the squares. As discussed in Section 
5.3.2, the electrodes wear off more at the corners. This is another reason for obtaining 
more rounded edges than that on the tool profiles.  
 
Table 5.4 shows the average dimensions and average spark gaps for holes made by 
transistor type and RC type set-ups. Both settings of the transistor type had similar 
dimensions and spark gap. So an average is shown here. Figure 5.11 shows the graphical 
representation of these values.  It can be seen that the holes obtained by using transistor 
type pulse generator set-up have larger spark gaps. This means, holes generated with RC 
set-up give holes with dimensions closer to the tool size.  
 
Figures 5.12 – 5.14 show different tool profiles and the respective hole profiles obtained 
after machining. Appendix C has more results on individual profiles obtained using the 
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(µm × µm) 
Average Spark Gap 
(µm) 
1 130 × 130 15 
37 134 × 134 17 




121 133 ×133 16.5 
1 119 × 119 9.5 
37 121 × 121 10.5 






























Figure 5.11 Graph of spark gap along no of electrodes obtained by using transistor type 
and RC type pulse generators shows RC type set-up gives holes closer to the tool 
dimension 
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Figure 5.12 (a) Top surface of single electrode tool before machining shows the edges are 





Figure 5.13 (a) Top surface of single electrode tool before machining shows the edges are 















Figure 5.14 (a) Top surface of a electrode from the tool with 37 electrodes before 
machining shows the edges are slightly rounded. (b) A square hole after machining using 
RC set-up has rounded edges. 
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Chapter 6     
Conclusions and Recommendations for Future Work 
 
6.1 Introduction 
This chapter illustrates some significant conclusions that can be drawn from the 
experimental results and a comprehensive discussion on them in the previous two 
chapters. In addition, considering the limitations and prospects of this work, some 
recommendations have also been suggested in this chapter for future work.   
 
6.2 Conclusions 
From the analysis of experimental results, some conclusions can be made for tools with 
both single electrode and multiple electrodes.  These are discussed in the following 
sections. 
 
6.2.1 Tools with Single Electrode 
A primary target of this research was to determine the optimum ranges for the different 
process parameters. But as micro-EDM is based on the sparking phenomenon which is 
greatly stochastic in nature, this task was very difficult. The main objectives for optimal 
machining conditions include low and consistent spark gaps, higher rate of material 
removal, good surface quality and low tool wear. But in reality, all of these objectives 
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cannot be reached simultaneously as they are conflicting in nature. During the 
experiments, it was observed that to achieve a high machining rate –  surface quality, 
spark gap and also tool wear have to be sacrificed and vice versa. While a higher value of 
voltage might give a higher machining rate, it might lead to bad surface quality with 
higher spark gap. With such a dilemma, finding the optimal conditions have to be done by 
carefully making a compromise between the priorities. Taking this in mind and based on 
this conflicting effect of all the parameters on spark gap, material removal rate, tool wear 
and surface quality, optimal ranges of the parameters were attempted to be found. They 
are discussed as follows: 
 For the transistor type, it can be concluded that the primary factors affecting spark 
gap, material removal rate, tool wear and surface quality are voltage, current and 
pulse on time, while other parameters like pulse off time, short and open have less 
significant effect. Based on their effect on all the major objectives, the optimal 
ranges for them are shown in Table 6.1. These ranges gave lower spark gap with 
not so long machining time with good surface finish.  
Table 6.1 Optimal ranges of parameters for transistor type set-up 
Parameter Optimal Range 
Voltage 90 – 120V 
Current 4 – 10amps (set by 15 – 33Ω) 
Pulse on time 3 – 6µsec 
Pulse off time 20 – 30µsec  
Short 10 – 20 (nos.) 
Open 10 – 20µsec 
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 Based on the RC type set-up, it was observed that both voltage and capacitance 
have significant effect on machining time and tool wear. The optimum ranges are 
shown in Table 6.2. These ranges gave good surface finish with high material 
removal rate. 
Table 6.2 Optimal ranges of parameters for RC type set-up 
Parameter Optimal Range 
Capacitance 2200 – 4700pF 
Voltage 90 – 100V 
 
 A guide attachment was modified and used during the course of the study to 
reduce wobbling of the electrodes. This proved to be a success as it reduced the 
wobbling significantly which in turn reduced the spark gap and micro-holes with 
dimensions closer to the tool were fabricated. This reduced the random nature of 
the effects of process parameters to somewhat and thus, increased the repeatability 
of the whole process.   
 
 By comparing the surface qualities of the holes obtained by using the transistor 
type and the RC type pulse generators, it was seen than the RC type gives much 
better surface. While the transistor type produces holes with burrs around the 
surface with irregular shapes, the RC type produces almost burr-free holes with 
very good circularity. The RC type pulse generator also reduces the range of spark 
gap and the process gives more consistent results.  
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 The EDX analysis shows that the surfaces around the both the holes obtained by 
both the set-ups contained traces of tungsten. This shows that when the molten 
debris re-solidified around the surface of the micro-holes, traces of the tool 
material (tungsten) also solidified with it. The surface around the hole obtained by 
transistor type was found to contain more tungsten than that obtained by the RC 
type pulse generator set-up.  
 
6.2.2 Tools with Multiple Electrodes 
Based on the analysis of the results for tools with multiple electrodes discussed in Chapter 
5, the following conclusions can be made: 
 Tools with multiple square electrodes for drilling multiple holes in one shot by 
micro-EDM were successfully fabricated by micro-milling using the Mori Seiki’s 
NV5000 high precision vertical machining center. Tools with 37, 61, 121 and 139 
electrodes were fabricated with brass and copper. Each micro-electrode has a 
dimension of about 0.1mm × 0.1mm × 1mm. While the copper tools showed chips 
stuck on the electrodes with non-uniform profiles, brass tools showed burr-free 
uniform surfaces and were used for machining by micro-EDM. Tools with single 
pins were also fabricated to make comparison.  
 
 Experiments were conducted with the tools with multiple electrodes using both the 
transistor type and RC type pulse generators. Two settings of energy level were 
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tried out with the transistor type set up. The conclusions can be discussed on the 
basis of surface quality, electrode wear and machining time. 
 
Surface Quality: 
The SEM images of the holes obtained by using tools with single pin show that the 
surface quality is not so good when using the transistor type set-up. The lower 
energy (with 33Ω) gives a slightly better surface than the ones obtained by a higher 
energy level (with 15Ω), but still shows a lot of debris around the surface of the 
hole. On the other hand, the surface quality obtained by using the RC type pulse 
generator gives almost burr-free surfaces probably due to smaller energy per 
discharge.  The difference in the surface quality between holes obtained by 
transistor set-up and RC set-up is quite significant. This is observed to be 
consistent while using tools with multiple pins as well. Experiments under similar 
conditions using tools with 37, 61 and 121 pins also show the same trend in 
surface quality by both types of set-up. Therefore, the conclusion can be made that 
the RC type pulse generator greatly improves the surface quality of micro-holes.  
 
Electrode Wear: 
Visual inspection of the electrodes before and after machining by using both type 
of set-ups revealed that by using the transistor type pulse generator set-up the tool 
wear phenomenon results in an elliptical profile while the RC set-up generates a 
circular or round profile at the tips of each micro-electrode. The elliptical profile 
suggests tool wear is larger at the corners in the transistor set-up. The length 
reduction of the tool was found to be slightly higher in using the transistor set-up. 
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Therefore, the effected zone is larger in pulse generator set-up which means the 
RC set-up reduces tool wear. 
 
Machining Time: 
One of the main purposes of experimenting with multiple electrodes is the 
machining time factor. Though it has lots of other advantages, Micro-EDM is a 
very slow process. As lots of applications of micro-holes these days involve arrays 
of holes, machining time can get very high if each hole of an array has to be made 
individually. Here, by using the multiple electrodes, it was found that the 
machining time gets drastically reduced. For a higher level of energy using 
transistor type set-up, an array of 37 holes took 4x less machining time, 61 holes 
took 5x less and an array of 121 holes took 5x less machining time than that 
required for serial machining by a single electrode. For a lower level of energy, an 
array of 37 holes took 4x less, 61 holes took 3x less and an array of 121 holes took 
3x less than that required for serial machining by a single electrode. By comparing 
the combined time for making a tool with a single pin and the machining time to 
make a single hole with that tool, it is observed that the combined time to make 
multiple holes in one shot is much lesser. By using the RC type pulse generator, an 
array of 37 holes took 5x less machining time, 61 holes took around 6x less and an 
array of 121 holes took around 10x less than that required for serial machining by 
a single electrode. Here, as the number of holes in an array increases, the 
magnitude of reduction in machining time also increases. In the transistor set-up, 
the magnitude of reduction remains almost the same.  
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Micro-hole dimensions and profiles: 
An observation on the single electrodes and holes made by them and also on the 
individual electrodes of a tool with 37 electrodes show that the tools have rounded 
corners which eventually result in rounded corners in the hole profiles. It was also 
observed that spark gap is much reduced when using the RC type pulse generator.  
 
6.3 Recommendations for Future Work 
During the research it was observed that the quest for finding the optimum parameters for 
micro-EDM could be made better and the set-up of the machine could be modified 
incorporating some other facilities while improving some of the existing ones. Due to 
mainly time constraint, all of these improvements could not be accommodated during the 
tenure. Based on the gathered experience, some recommendations and suggestions are 
made here which are hoped to take the research forward.  
 
 At the beginning of the research work, it was planned to perform experiments with 
tungsten electrodes of various dimensions to have a clear picture of the process 
parameters of micro-EDM at different parameter settings. It was also planned to 
experiment with electrodes of other materials (for example, copper-tungsten and 
silver tungsten) to find out which one gives the best results. But unfortunately, due 
to time constraints, experiments were performed throughout this course of study 
with only tungsten electrodes of a fixed diameter (300µm). Therefore, it is 
recommended that electrodes of different materials with different diameters be also 
tested to get the full picture of the micro-EDM process.  
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 The guide attachment used here in this work had some limitations. Two of them 
are a fixed spindle speed (300rpm) and a fixed EDM speed (10µm/sec). Hence, it 
was not possible to check the effect of spindle speed and EDM speed with the 
guide attachment. It is highly recommended to incorporate some change in the 
guiding circuit to have a range of those parameters so that their effect could be 
checked. 
 
 It is recommended that a compact flushing device be incorporated in the current 
machine set-up replacing the current low pressure nozzle device. Equal pressure 
from all sides of the electrode needs to be maintained so that the machining region 
remains stable and does not get affected due to variation in pressure from different 
sides.  
 
 During the course of the experiments, it was observed that by using of the 
Resistance-Capacitance (RC) circuit, it is possible to produce better surface finish 
and generate smaller spark gap with lesser machining time. This is due to the 
ability of an RC-circuit to produce smaller discharge energy and hence create 
smaller craters during machining. Even modern EDM machine manufacturers 
nowadays prefer RC circuits for its better machining capabilities compared to the 
transistor type pulse generators. But the current set-up has a limitation in the 
voltage range. The highest achievable voltage is 100V, which is lower than the 
previous set-up with the transistor type pulse generator. Due to this, experiments 
could not be performed using a full possible range of voltages, as done in the 
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transistor type set-up. This needs to be modified so that higher range of voltages 
can be used to observe its effect on the spark gap, machining time and surface 
quality. 
 
 During the latter part of the research, on going work in another set-up with the RC 
circuit showed some promising possibilities of using a new software that can be 
used to control the speed of the electrode while retracting from and returning 
towards the machining zone after each short circuit. When this software is ready, it 
would hopefully reduce the machining time to somewhat.   
 
 While fabricating the tools with multiple electrodes by micro-milling, the same set 
of machining parameters were used for almost all the tool fabrication. But a few 
variations in the machining parameters, such as the depth of cut, the results 
showed interesting changes in the machining time and surface quality (discussed in 
Section C.2, Appendix C). More experiments are recommended to be performed 
regarding the machining parameters of the micro-milling process, to obtain a tool 
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Appendix A: Diagrams of Ceramic Guide Holder 
Appendix A 




The diagrams of the ceramic guide holder are shown in this section. This holder had two 
parts. Figures A.1 and A.2 show the three dimensional views of these two parts while 
Figure A.3 shows the assembled 3D view. Figure A.4 and Figure A.5 show the detailed 






























Figure A.1 Three dimensional view of the first part of the ceramic guide holder 
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Appendix A: Diagrams of Ceramic Guide Holder 
Figure A.4 Detailed projected two dimensional views of the first part with dimensions 
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Figure A.5 Detailed projected two dimensional views of the second part with dimensions 
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Appendix B 
Effects of Other Control Parameters  
 
B.1 Effects of Short Detection and Open 
Control parameters are mostly neglected as study parameters to understand their effects on 
machining characteristics. There is not much study to establish whether the control 
parameters are also influential along with established cutting parameters such as pulse on 
time, voltage, current, wire tension etc. In this section two control parameters of the 
micro-EDM machining – short detection and open are studied on machining 
characteristics such as spark gap and machining time.  
B.1.1 Effect of Short Detection 
In this study, the machining characteristics factors studied were spark gap and machining 
time due to the change in short detection. Here, the short detection parameter was changed 
while keeping other parameters constant. Table B.1 shows the fixed parameters for these 
experiments. 
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The effect of short detection parameter on spark gap is shown in Figure B.1. Here, the 
short detection parameter was varied from 10 to 50 to cover the whole range available in 
the machine. This figure shows, the spark gap keeps increasing with the increase in short 
detection parameter. So a lower value gives better spark gap. But the range of change is 
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Figure B.1 Spark gap against short detection graph does not show much variation 
 
The effect of short detection parameter on machining time is shown in Figure B.2. This 
shows an increasing trend of machining time with the increase in short parameter, though 
the variation is not too high.  The increasing trend might be due to the fact that, by 
increasing the short value, the controller takes longer to detect short circuits. This makes 
the whole machining process less effective, specifically during machining at higher 
current intensity, where there is more probability of consecutive short circuits. As a result, 
machining time gets increased. So based on this, a lower range, preferably from 10 to 20 
of this parameter is optimum.  
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Figure B.2 Machining time against short detection graph does not show much variation 
 
B.1.2 Effect of Open 
In this study, the machining characteristics factors studied were spark gap and machining 
time due to the change in open values. Here, the open parameter values were changed 
while keeping other parameters fixed as illustrated in Table B.2.  
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Figure B.3 shows the effect of open parameter values on spark gap. Here, the open 
parameter was varied from 10 to 90 to cover the almost the whole range available in the 
machine. This figure shows the spark gap keeps remained almost constant throughout the 
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whole range. This means, the change in open values do not have any significant influence 

















































Figure B.4 Machining time against open graph shows an increase in machining time with 
an increase in open values 
 
The effect of open parameter on machining time is shown in Figure B.4. This shows an 
almost linear increasing trend of machining time with the increase in open parameter, 
though the variation is not too high.  This verifies the previous understanding of open 
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parameter to have an important significance on the machining time. The increasing trend 
is due to the fact that, by increasing the open parameter, the electrode retraction time after 
a short circuit is increased, thus increasing the machining time. So when the value of open 
is set high, it takes much longer to erode the same amount of material given other 
parameters remain the same. Therefore, to achieve a faster machining rate it is 
recommended that the open parameter value should be kept as low as possible. This is 
more recommended as unlike other parameters in micro-EDM where faster machining 
means larger spark gap and bad surface profile, open parameter does not have an inverse 
such an inverse relationship. So based on this, a lower range, preferably from 10 to 20 of 
this parameter is optimum.  
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Appendix C 
Miscellaneous Results of Tools with Multiple Electrodes  
 
C.1 Dressing of Tools  
In micro-EDM, one of the problems is tool wear. After each machining process, the tool 
wears off, changing its profile. Using this tool with worn off edges gives discrepancies in 
the results.  Therefore, for consecutive and consistent experiments with using the same 
tool, dressing is required.  
 
Here, a limited number of tools were fabricated with 37, 61 and 121 electrodes. These 
tools were dressed with reversing the polarity of the set-up. After the dressing, the tools 
obtained profiles close to their initial profiles and using them, further experiments were 
conducted.  
 
One of the observations made during this course of study was to see how each micro-hole 
looked with respect to its tool profile. By observing each hole profile with respect to their 
tool profiles, a greater understanding of the acquired dimensions of the holes and the tool 
wear would be known. For this, a tool with 37 pins was chosen as it had the least number 
of electrodes, making the observation easier and less time consuming. After dressing, 
pictures of each hole were taken with the Keyence VHX Digital Microscope. Then this 
tool was used to drill holes on 50µm thick Stainless Steel 304 Grade sheet. Pictures of 
each hole of the array were taken with SEM.   
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Table C.1 shows the parameters used for dressing the tool with 37 holes. The RC set-up 
was used for the dressing process.  
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Figure C.1 shows an array of 37 square micro-holes obtained by using the RC type pulse 
generator set-up after dressing the tool. Figures C.2 (a) – C.38 (a) show the profiles of 
each electrode after dressing and Figures C.2 (b) – C.38 (b) show the respective holes 
made by that particular electrode from a tool with 37 electrodes.  
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Figure C.1 An array of 37 square micro-holes 
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Figure C.2 (a) electrode number 1 from a tool with 37 electrodes and (b) square micro-
















Figure C.3 (a) electrode number 2 from a tool with 37 electrodes and (b) square micro-
















Figure C.4 (a) electrode number 3 from a tool with 37 electrodes and (b) square micro-




















Figure C.5 (a) electrode number 4 from a tool with 37 electrodes and (b) square micro-
















Figure C.6 (a) electrode number 5 from a tool with 37 electrodes and (b) square micro-

















Figure C.7 (a) electrode number 6 from a tool with 37 electrodes and (b) square micro-
hole made by that particular electrode 
 
 C-4

















Figure C.8 (a) electrode number 7 from a tool with 37 electrodes and (b) square micro-
hole made by that particular electrode 
 
Figure C.9 (a) electrode number 8 from a tool with 37 electrodes and (b) square micro-


















Figure C.10 (a) electrode number 9 from a tool with 37 electrodes and (b) square micro-
hole made by that particular electrode 
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Figure C.11 (a) electrode number 10 from a tool with 37 electrodes and (b) square micro-





Figure C.12 (a) electrode number 11 from a tool with 37 electrodes and (b) square micro-





Figure C.13 (a) electrode number 12 from a tool with 37 electrodes and (b) square micro-
hole made by that particular electrode 
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Figure C.14 (a) electrode number 13 from a tool with 37 electrodes and (b) square micro-


















Figure C.15 (a) electrode number 14 from a tool with 37 electrodes and (b) square micro-
















Figure C.16 (a) electrode number 15 from a tool with 37 electrodes and (b) square micro-
hole made by that particular electrode 
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(b) 
(a) 
Figure C.17 (a) electrode number 16 from a tool with 37 electrodes and (b) square micro-
hole made by that particular electrode 
(a) 
(b) 
Figure C.18 (a) electrode number 17 from a tool with 37 electrodes and (b) square micro-















Figure C.19 (a) electrode number 18 from a tool with 37 electrodes and (b) square micro-
hole made by that particular electrode 
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(a) 
(b) 
Figure C.20 (a) electrode number 19 from a tool with 37 electrodes and (b) square micro-















Figure C.21 (a) electrode number 20 from a tool with 37 electrodes and (b) square micro-

















Figure C.22 (a) electrode number 21 from a tool with 37 electrodes and (b) square micro-
hole made by that particular electrode 
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(b) 
(a) 
Figure C.23 (a) electrode number 22 from a tool with 37 electrodes and (b) square micro-
















Figure C.24 (a) electrode number 23 from a tool with 37 electrodes and (b) square micro-

















Figure C.25 (a) electrode number 24 from a tool with 37 electrodes and (b) square micro-




















Figure C.26 (a) electrode number 25 from a tool with 37 electrodes and (b) square micro-
















Figure C.27 (a) electrode number 26 from a tool with 37 electrodes and (b) square micro-
















Figure C.28 (a) electrode number 27 from a tool with 37 electrodes and (b) square micro-
hole made by that particular electrode 
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(a) 
(b) 
Figure C.29 (a) electrode number 28 from a tool with 37 electrodes and (b) square micro-
hole made by that particular electrode 
(a) 
(b) 
Figure C.30 (a) electrode number 29 from a tool with 37 electrodes and (b) square micro-
hole made by that particular electrode 
(a) 
(b) 
Figure C.31 (a) electrode number 30 from a tool with 37 electrodes and (b) square micro-
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(a) 
(b) 
Figure C.32 (a) electrode number 31 from a tool with 37 electrodes and (b) square micro-















Figure C.33 (a) electrode number 32 from a tool with 37 electrodes and (b) square micro-




Figure C.34 (a) electrode number 33 from a tool with 37 electrodes and (b) square micro-
hole made by that particular electrode 
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(a) 
(b) 
Figure C.35 (a) electrode number 34 from a tool with 37 electrodes and (b) square micro-
















Figure C.36 (a) electrode number 35 from a tool with 37 electrodes and (b) square micro-




Figure C.37 (a) electrode number 36 from a tool with 37 electrodes and (b) square micro-
hole made by that particular electrode 
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(a) 
(b) 
Figure C.38 (a) electrode number 37 from a tool with 37 electrodes and (b) square micro-
hole made by that particular electrode 
 
 
The images of the electrodes were taken by using the 3D function of the Keyence VHX 
Digital Microscope as there was a height limitation in the SEM. But unfortunately, this did 
not provide a very clear picture of the electrodes. From these images it can be observed 
that be observed that the top surface and the edges of the electrodes became rough due to 
craters formed during the dressing operation. However, this might be showing more due to 
the error in the imaging process, as the individual holes quite straight and smooth sides. 
From these images, it can be also observed that the electrodes possess rounded edges to 
begin with. Therefore, the micro-holes obtained also have rounded corners. The micro-
holes show more roundness at the corners due to higher wear of electrodes at the edges 
which is discussed in Chapter 5. By micro-milling, it was assumed to obtain micro-
features with sharp edges. But these experiments show the edges are not exactly sharp but 
slightly rounded. Hence, it was not possible to obtain perfectly square micro-holes with 
sharp corners. Figures C.39 and C.40 show SEM images of parts of the arrays with 37 
micro-holes obtained by the both type of set-ups. 
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Figure C.39 SEM picture of part of the array with 37 micro-holes obtained by using the 




Figure C.40 SEM picture of part of the array with 37 micro-holes obtained by using the 
transistor type pulse generator set-up 
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C.2 Depth of Cut in Micro-milling of Tools with Multiple Electrodes 
During the course of the study, tools with multiple electrodes were made by using the 
Mori Seiki’s NV5000 high precision vertical machining center. For most of the cases, a 
fixed step size or depth of cut of 25µm was used. However, to make the tools with single 
pin, two settings of depth of cut was used – 25µm and 5µm, while keeping the other 
parameters same. The tools obtained are shown in Figures C.40 and C.41 respectively.  
 
Figure C.41 Tool with single electrode obtained by using depth of cut of 25µm shows 
some irregularities on the surface 
 
 
Figure C.42 Tool with single electrode obtained by using depth of cut of 5µm shows 
smooth surface without irregularities 
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The results obtained here showed some interesting aspects of the research. Upon 
observation, from Figure C.41 it can be seen that the tool obtained by using 25µm depth of 
cut has some irregularities on the sides of the tool. The surface is not smooth all along. 
The machining time was around 10 minutes. From Figure C.42, which illustrates the tool 
obtained by using a much lower depth of cut of 5µm, it can be observed that the surface 
does not show irregularities and the sides are much smoother. However, machining time 
here is higher. It took around 38 minutes to make the tool. This illustrates the need for 
more investigation on fabrication of the tools with multiple electrodes by using different 
settings of the micro-milling process in the Mori Seiki’s NV5000 high precision vertical 
machining center. They give hope for tools with much better surface profiles, which 
eventually will improve the profiles of the micro-holes obtained by using them in the 
EDM process. 
 C-18
  
 
